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SUMMARY 
This dissertation strikes at the heart of one of the major challenges associated with 
sample preparation, developing miniaturized and environmental-friendly 
microextraction methodologies. The work described involves the development of 
novel functional materials for solid-phase microextraction, and exploration of 
liquid-phase microextraction system for interesting analytes of environmental 
concern. 
 
A zirconia hollow fiber (ZHF) membrane, was for the first time successfully 
synthesized via a templating method coupled with sol-gel process. The resulting hollow 
fiber membrane exhibits a hollow core structure and has a bimodal porous substructure, 
narrowly-distributed nano skeleton pores and uniform textural pores or throughpores. 
This ZHF was applied for the purification and concentration of a nerve agent 
degradation product followed by high performance liquid chromatography 
(HPLC)-mass spectrometry (MS) analysis. Since the ZHF exists as an individual device 
and is directly usable for extracting, handling is more convenient. Pinacolyl 
methylphosphonic acid (PMPA), one type of organophosphorus nerve agent 
degradation product, was used as the model analyte. ZHF was demonstrated to be a 
highly selective adsorbent for the organophosphorus compound with high sensitivity. It 
is a new configuration for microextraction application with relative high surface area. 
The limit of detection (LOD) was as low as 0.07 ng/mL. 
  
  ix 
Mercapto groups-incorporated hybrid silica-based monolith, which consists of a 
continuous porous silica backbone, was successfully synthesized by sol-gel 
technology. The hybrid silica monolith contains high sulfur content (up to 3.05%) 
with a double-pore structure (throughpores and mesopores) and large specific surface 
area (467 m2/g). Due to the high loading of mercapto groups and their favorable 
chemical reactivity, the hybrid monolith can be facilely derivatized to yield various 
functional groups. They were oxidized by hydrogen peroxide (30%, w/w) to produce 
sulfonic acid groups, which exhibited excellent cation-exchange capability. The 
application of this material is demonstrated by in-tube microextraction of anaesthetics 
followed by capillary electrophoretic (CE) separation. The monolith could be 
effectively applied to purify and enrich anaesthetics in human urine. 
 
A single-step extraction-cleanup procedure involving microwave-assisted extraction 
(MAE) and micro-solid-phase extraction (µ-SPE) has been developed for the analysis 
of polycyclic aromatic hydrocarbons (PAHs) from soil samples. µ-SPE is a relatively 
new extraction procedure that makes use of a sorbent enclosed within a sealed 
polypropylene membrane envelope. Graphite fiber was used as a sorbent material for 
extraction. MAE-µ-SPE was used to clean up sediment samples and to extract and 
preconcentrate five PAHs in sediment samples prepared as slurries with addition of 
water. Using gas chromatography (GC)-flame ionization detection (FID), the LODs of 
the PAHs ranged between 2.2 and 3.6 ng/g. With GC-MS, LODs were between 
0.0017 and 0.0057 ng/g. The MAE-µ-SPE method was successfully used for the 
  x 
extraction of PAHs in river and marine sediments, demonstrating its applicability to 
real environmental solid matrixes. 
 
Solvent bar microextraction (SBME) based on two-phase (water-to-organic) 
extraction was for the first time used as the sample pretreatment method for the 
non-aqueous capillary electrophoresis (NACE) of herbicides of environmental 
concern. Due to the compatibility of the extractant organic solvent and the NACE 
separation system, the extract could be directly introduced to the CE system after 
SBME. In addition, field-amplified sample injection with pre-introduced organic 
solvent plug removal using the electroosmotic flow as a pump (FAEP) was initiated to 
further enhance the sensitivity in NACE. Combined with SBME, FAEP-NACE 
achieved LODs of between 0.08 and 0.14 ng/mL.  
 
Liquid-phase microextraction, based on ion-pair liquid-liquid-liquid microextraciton 
(ion-pair-LLLME) and electro membrane isolation (EMI), was established to extract 
four of nerve agent degradation products, respectively. In ion-pair-LLLME procedure, 
the target analytes in sample solution were converted into their ion-pair complexes 
with tri-n-butyl amine and then extracted by organic solvent (1-octanol) suspended 
above the aqueous sample solution; simultaneously, the analytes were back extracted 
into the acceptor aqueous drop suspended in the organic phase. In EMI, a 
polypropylene sheet membrane impregnated with 1-octanol was employed as the 
artificial supported liquid membrane (SLM). On either side of the SLM, aqueous 
  xi 
solution acted as the donor and acceptor phases. The negative electrode was placed in 
donor phase, with the positive one in the acceptor phase. Upon application of the 
voltage, the ionized analytes were driven to migrate from the donor phase across the 
SLM to the acceptor phase. After extraction, the acceptor phase was collected and 
directly used for CE injection. Combined with capacitively coupled contactless 
conductivity detection, the direct detection of these compounds can be achieved. 
Moreover, large-volume sample injection was employed to further enhance the 
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Chapter 1. Introduction 
1.1 Sample preparation 
Analytical methods involve various processes such as sampling, sample preparation, 
separation, detection and data analysis. Despite substantial technological advances in 
the analytical field, most instruments cannot handle complex sample matrices directly 
and, as a result, a sample preparation step is critical and takes up a major portion of 
analysis time.  
 
The main aim of sample preparation is to clean up, isolate and concentrate the 
analytes of interest, while rendering them in a form that is compatible with the 
analytical system [1]. Liquid-liquid extraction (LLE) is the classical sample 
pretreatment method to achieve this objective, and remains a popular choice. However, 
it is time-consuming, tedious and uses large amounts of potentially toxic organic 
solvent that is usually expensive because of its high purity (particularly necessary for 
trace analytical applications). LLE can be automated to some extent, but this is not 
often practiced. Another popular sample preparation approach is solid-phase 
extraction (SPE). It uses much less solvent than LLE. Although normally an extra step 
of concentrating the extract down to a small volume is needed, it continues to be a 
leading technology for the extraction, and usage can still be considered significant. 
SPE can be automated but this entails complexity and therefore additional cost.  
 
It is considerable challenge to come up with more direct sample preparation procedure 
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that is simple (preferably one-step), affordable and economical (obviating the need for 
sophisticated apparatus or equipment), can be performed at a miniaturized scale 
(leading to reduction in solvent and material usage), and be automated to some degree 
(a desirable feature, but not completely necessary for reasons mentioned previously – 
complexity and capital expenditure). Efforts in the past decades have been devoted to 
the adaptation of existing methods and the development of new techniques to save 
labor and chemicals, and thus enhance efficiency. Miniaturization has been a key 
factor in achieving these objectives. 
 
Sorbent phase-based microextraction (SPBME), including such various modes as 
fiber-based solid-phase microextraction (SPME), in-tube SPME, stir-bar sorptive 
extraction (SBSE), microextraction in a packed syringe (MEPS), micro-solid-phase 
extraction (µ-SPE), thin film microextraction and polymer-coated hollow fiber 
membrane microextraction (PC-HFME) have shown increasing applicability [1-6]. 
On the other hand, of the newly developed methods for liquid-phase extractions that 
require minimal solvent amounts, liquid-phase microextraction (LPME) seems 
appealing due to the simplicity of the approach and truly low consumption of the 
extracting organic solvent [2, 3, 6-9]. These SPBME and LPME techniques are the 
most useful, reliable and practical methods as far as miniaturized extraction 
techniques are concerned in the modern-day laboratory. 
 
In this introductory part of the thesis, advances in extraction format/configurations 
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and novel sorbent materials for SPBME are overviewed. Furthermore, the 
development of LPME, especially its different operational modes, is also emphasized. 
 
1.2 Sorbent phase-based microextraction (SPBME) 
In the following part, different modes of SPBME are briefly introduced, with 
emphasis focusing on the development of new sorbent phases from a material point of 
view. 
 
1.2.1 Different modes of SPBME 
1.2.1.1 Fiber-based solid-phase microextraction (SPME) 
SPME developed by Pawliszyn’s group [10], was commercialized in 1993 [11]. The 
basic SPME format is a stationary phase coated onto a stainless steel or fused silica 
fiber. The extraction is based on the establishment of equilibrium between the analyte 
and the coating. The analyte is then desorbed from the fiber into a suitable separation 
and detection system. 
 
It is an innovative solvent-free procedure that has gained tremendous popularity. It 
satisfies most of the desired characteristics of a sample preparation technique 
mentioned above. It is a universal sampling and extraction method-it can be used to 
sample air, water, and the headspace above solid samples, and has been used for 
wide-range applications, particularly in environmental, biological and pharmaceutical 
analyses. It is portable, simple to use, relatively fast, and can be automated and 
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coupled online to analytical instrumentation, particularly gas chromatography (GC). 
Most people, if not all of them, would agree to the assertion that the advantages of 
SPME far outweigh the qualities of LLE and SPE. However, the coated fibers may be 
considered to be expensive, and for some applications, have limited lifetimes. 
Additionally, automated SPME systems (primarily coupled to GC) are expensive and 
normally out of the reach of most laboratories. Nevertheless, SPME progressed 
tremendously in popularity and applicability since its introduction [1-6]. 
 
1.2.1.2 In-tube SPME 
The basic SPME format, as mentioned above, is a stationary phase coating onto an 
extraction fiber, which restricts the morphology and chemistry of the coatings that can 
be deposited onto the fiber. Thus, the applicability of this technique has always been 
subjected to limited types of commercially available fibers.  
 
Unlike fiber-based SPME, the sorbent phase of in-tube SPME is coated on a capillary 
interior wall, or is contained in a capillary as packed particles or monolithic materials. 
This approach increases the range of available coatings, and conveniently realizes the 
integration of extraction (online or offline) with the subsequent separation and 
detection system, especially with respect to the success in the coupling of SPME and 
high performance liquid chromatography (HPLC). The initial work on this was 
reported by Eisert et al in 1997 [12]. 
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In early work on this method, the extractant phase was based on coating of the 
capillary wall. However, such coatings suffer from low sample loading, which limits 
the sensitivity of the method to some degree. To address this problem, a capillary 
tubing packed with particles was proposed as an alternative [13]; in this approach, 
frits were required to hold the particles within the capillary. The preparation of frits is 
normally tedious and hard to control. Compared to the above two forms of sorbents 
(coatings or particles), monolithic materials possess satisfactory phase ratios to ensure 
high sample loading and are always prepared in-situ without the necessity of frits. 
Additionally, due to their special bimodal structures, monolithic materials facilitate 
mass transfer between the sample solution and extractant phase. Hence, monolithic 
materials are much more attractive. The preliminary work associated with monolithic 
materials for in-tube SPME was presented by Shintani et al in 2003 [14]. From then 
on, monolithic materials with different functional groups have been attempted for 
different applications in this mode of microextraction [15-21].  
 
In-tube SPME is an ideal sample preparation technique because it is fast to operate, 
easy to automate, solvent-free, and inexpensive [22]. Especially, it is facile to realize 
the on-line extraction in combination with HPLC, unlike conventional fiber-based 
SPME, without modification of the autosampler itself, and doing away of a dedicated 
interface between SPME desorption and HPLC injection. Much work has been 
devoted to this aspect of interface between in-tube SPME and HPLC [23-26]. Other 
instances about its hyphenation, such as capillary electrophoresis (CE) [27], 
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inductively coupled plasma-mass spectrometry (ICP-MS) [28] and micro-HPLC [29], 
have also been achieved. 
 
Apart from the above hyphenation, a successful hyphenation of in-tube SPME and 
pressure-assisted capillary electrochromatography (pCEC) was obtained by installing 
a poly(methacrylic acid-co-ethylene glycol dimethacrylate) monolithic capillary to the 
six-port valve in a CEC system. The device designed was appropriate for on-line 
in-tube SPME coupled to pCEC or micro-HPLC [30]. 
 
1.2.1.3 Stir-bar sorptive extraction (SBSE)  
Since the SPME fiber has a relatively small volume of bound stationary phase, the 
extraction is frequently limited. This problem prompted the emergence of SBSE, 
which uses a magnetic stir bar coated with a bonded sorbent layer. The first example 
of SBSE was reported in 1999 [31]. It operates on the same principle as fiber-based 
SPME, both of which are based on sorptive extraction. The analytes migrate into the 
sorbent phase, and therefore, the total amount of extraction phase is important, not the 
surface only. The surface area of the stir bar is higher and the volume of the sorbent 
layer is much larger than that on a fiber, resulting in a higher phase ratio and hence a 
higher extraction yield than that in fiber-based SPME. Magnetic stir bars of length 1 
or 2 cm coated with a 0.5- or 1- mm layer have been commercially available 
(TwisterTM, Gerstel GmbH, Müllheim a/d Ruhr, Germany). The sorbent phase is 
50-250 times greater than in fiber-based SPME. Various coatings for SBSE have been 
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used and reported [32-34]. After extraction, thermal or solvent desorption can be used. 
The main difficulty is that it is hard to automate the removal of the stir bar from the 
sample solution [1].  
 
Alternative designs to SBSE have also been tried [35, 36], for example, large 
“polydimethylsiloxane (PDMS) rods” or glass tubes (without magnet) with 
dimensions up to 8 cm length and 250 µL of PDMS coating. Sample agitation during 
extraction was used by shaking, to avoid the loss of the sorbent phase.  
 
1.2.1.4 Microextraction in a packed syringe (MEPS) 
MEPS is a novel technique of miniaturized SPE, initially introduced by Abdel-Rehim 
[37]. In this device, a solid support is directly inserted into a syringe as a plug (with a 
filter at either end of the plug holding the solid phase), and fitted manually into the 
syringe. The plug is tightly fixed in the syringe to prevent its movement inside the 
syringe. This MEPS device was demonstrated to be easily connected on-line to GC 
and HPLC without any modification of the chromatograph [38-42]. According to a 
series of experiments, the authors claimed that the packed syringe could be used, 
more than 100 times with plasma as sample matrix, whereas a conventional SPE 
catridge was used only once. In addition, compared to SPE or LLE, MEPS reduces 
sample preparation time and organic solvent consumption. It is fully automated and 
takes only 1 min to process each sample. Compared to SPME, MEPS reduces not only 
sample preparation time, but also sample volume (10-1000 µL) and a much higher 
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recovery (> 50%) can be obtained. 
 
1.2.1.5 Micro-solid-phase extraction (µ-SPE) 
Basheer et al [43] claimed the first report of µ-SPE in which a sealed polypropylene 
membrane envelope was used to hold sorbent material. The authors used multi-walled 
carbon nanotubes (MWCNTs) as sorbent in the envelope (2 cm × 1.5 cm). Since the 
porous membrane afforded protection of the MWCNTs, no further cleanup of the 
extract was required. The consumption of solvent in the extraction was much less 
compared to conventional SPE. µ-SPE was demonstrated to be able to address some 
disadvantages of SPME, including fiber fragility, cost and problems with analyte 
carryover, etc. [43]. Very recently, they also investigated a µ-SPE device containing 
C18 sorbent to extract acidic drugs from wastewater [44].  
 
In the present thesis (see chapter 4), µ-SPE was applied in combination with 
microwave-assisted extraction (MAE) to demonstrate a single-step extraction-cleanup 
procedure for the analysis of polycyclic aromatic hydrocarbons (PAHs) from sediment 
samples. Graphite fiber was used as a sorbent material for extraction.  
 
1.2.1.6 Thin film microextraction 
Thin film microextraction was initially developed by Bruheim and coworkers in 2003 
[45]. A thin sheet of PDMS membrane is used as an extraction phase. The results 
show that this new technique provides higher extraction efficiency and sensitivity 
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compared to an SPME fiber with thicker coating. However, the main drawback of it is 
that the introduction and desorption of extracting membrane in the GC injection liner 
is complicated. There has been little adoption of this mode of microextraction. 
 
1.2.1.7 Polymer-coated hollow fiber membrane microextraction (PC-HFME) 
PC-HFME was developed in Lee’s group very recently [46-48]. In the procedure, a 
short length of polypropylene hollow fiber is coated with a polymeric sorbent phase. 
During extraction, the coated-fiber tumbles around freely in the sample and analyte 
extraction takes place. The process is similar to SBSE. PC-HFME results indicate that 
this technique can provide better extraction sensitivity and selectivity compared to 
SPME. However, in this technique an additional solvent desorption and concentration 
step is normally needed. It requires organic solvent in the 100-µL range (due to the 
minimized solvent required for a GC autosampler system). 
 
1.2.2 Novel materials applicable to the sorbent phase of SPBME 
Materials science has always been an exciting research area and has played an 
important role in scientific and technological development. In recent years, the 
exponential advancement of this area has attracted extensive attention from a broad 
arena, due to the potential for novel and interesting applications of materials as well 
as tunable properties catering to specific requirements. Hitherto, materials have been 
demonstrated to have significant applicability in analytical chemistry, covering 
sensors, separations and extractions [49]. In essence, design and fabrication of 
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advanced materials coupled with good understanding of their behavior would be of 
paramount importance for the development of materials science as applied to 
analytical chemistry. 
 
The essential part of SPBME lies in the extraction phase, which determines the 
extraction efficiency and thus the sensitivity and precision of the analysis. The 
development of SPBME is closely related to that of materials. The increasing demand 
for faster, more cost-effective and environmental-friendly analytical methods is a 
strong incentive to design and fabricate suitable materials to meet these needs. 
Therefore, in order to further develop SPBME technology, it is of great importance to 
synthesize novel extraction materials with new functional groups, affording high 
extraction efficiency, high selectivity and high stability. The materials approach to the 
development of SPBME is especially highlighted in the following pages. 
 
1.2.2.1 Imprinted materials 
Imprinted materials can be synthesized following three different imprinting 
approaches: non-covalent, covalent and semi-covalent. In all these protocols, a 
template molecule interacts with an appropriate functional monomer to establish 
specific interactions. The template is then removed, leaving the resulting material 
composed of a three-dimensional network that has a memory of the shape and 
functional group positions of the template molecule. Intermolecular interactions (e.g. 
hydrogen bonding, dipole-dipole and ionic forces) between the print molecule in a 
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sample solution and the functional groups of the imprinted material can subsequently 
drive the specific molecular recognition binding process. The inherent selectivity, ease 
and cost of preparation of these materials have proved their usefulness in several areas, 
including separation science [50] and sensors [51]. Since the recognition site is based 
on the shape and spatial orientation of the template molecule, these types of materials 
represent an active area of research to achieve a high affinity and selectivity in the 
extraction process [52-55]. Generally, molecular-imprinting materials are divided into 
two groups: the polymer- and silica-based materials. However, up to now, most of the 
published applications catering for extraction are focused on molecularly-imprinted 
polymers (MIPs).  
 
Koster et al [56] reported the initial work on the use of MIP coatings on SPME fibers. 
A silica SPME fiber was first silanized with a 10% 3-(trimethoxysilyl)propyl 
methacrylate solution in acetone, followed by in-situ formation of the MIP coating 
onto the external surface of the fiber. Clenbuterol was chosen as the template, while 
extractability of brombuterol from spiked human urine was realized. Under optimized 
extraction condition, improved extraction efficiency was observed for MIP-coated 
fiber versus the non-imprinted one.  
 
A novel in-needle extraction device containing imprinted particles was designed by 
Saito et al [57]. During the sampling of gaseous sample mixtures, a vacuum sampling 
device was attached to the needle extractor, while a desired volume of the samples 
  12
was passed through the needle. The extraction needle was then transferred to the 
heated GC injection port for thermal desorption, and the simultaneous injection to the 
GC column was achieved. 
 
The first example of a MIP material for use in in-tube SPME was reported by Mullett 
et al [58] in 2001. The MIP particles, imprinted for propranolol, were slurried into a 
capillary and used for selective on-line in-tube SPME of propranolol and related 
ß-blockers. The result showed that sensitivity was increased using the MIP sorbent, 
yielding a propranolol limit of detection (LOD) of 0.32 µg/mL in spiked serum 
samples with HPLC-UV detection. Excellent method reproducibility (% relative 
standard derivation (RSD) < 5%) and column reproducibility (> 500 injections) were 
also obtained.  
 
Monolithic MIPs have also been synthesized for microextraction. Courtois et al [59] 
photo-polymerized a trimethylolpropane trimethacrylate core material, using three 
different anaesthetics (bupivacaine, mepivacaine and S-ropivacaine) as template 
molecules. In this case, sterical hindrance was important for recognition and fitting in 
high selectivity sites. Racemic template analogs with and without steric restrictions 
for fitting in the cavities of a MIP (imprinted with an enantiopure template) showed 
peaks characteristic of the occurrence of chiral separation. 
 
A bisphenol A, an endocrine disrupting compound, imprinted monolithic precolumn 
  13
was prepared by in-situ polymerization using 4-vinylpyridine and ethylene 
dimethacrylate as functional monomer and cross-linker, respectively. The selectivity 
and retention properties of the imprinted monolith for the bisphenol A and other 
phenolic compounds were evaluated. The results showed that the hydrophobic and 
hydrogen-bonding interaction played important roles in the recognition process [60].  
 
Additionally, a composite film of molecularly-imprinted polypyrrole and carbon 
nanotubes (CNTs) was grown simultaneously on the substrate using electrochemical 
polymerization. Owing to its ultra-high surface-to-volume ratio and nano-structured 
surface morphology, it was suggested as a novel micro-solid phase preconcentration 
device. The determination of ochratoxin in red wine matrix components clearly 
demonstrated a significant enhancement of selective binding capacity for target 
analytes at sub-ppb levels [61, 62].  
 
In general, the high selectivity of MIPs can simplify the sample preparation technique, 
and choice of SPBME sorbent. Since the MIPs can be synthesized targeting at specific 
analytes, a range of sorbents can be prepared to enhance selectivity. However, 
adsorption of macromolecules such as biopolymers or humic substances, can act as a 
barrier to the full utilization of its analytical potential. In addition, in the loading step, 
the sample medium has a direct influence on the recognition properties of the 
imprinted materials. When the analytes of interest are present in aqueous medium, the 
analytes and other interfering compounds may be retained non-specifically on the 
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sorbent. Consequently, to achieve a selective extraction, a clean-up step with an 
organic solvent is critical prior to the elution step.  
 
1.2.2.2 Nanomaterials 
One of the significant advances in materials development is the capability to make 
materials with well-defined designs and sizes at the nanometer scale. Research on 
application of nanomaterials in analytical chemistry has also experienced impressive 
growths in terms of number of literature reports over the recent years, with reference 
to their impressive nano-properties. Normally, nanomaterials have larger surface area 
than non-nano ones, which indicates their potential use for extraction purposes.  
 
1.2.2.2-1 Carbon nanotubes (CNTs) 
Nanomaterials in the configuration of nanotubes have become the subject of intensive 
investigation since their discovery, owing to their high surface area and good 
electrical, chemical, mechanical and conducting properties (amongst other features). 
Carbon nanotubes make interesting analytical tools. First, they exhibit interesting 
chemical and electrical properties that make them suitable for use in electrodes. 
Second, nanotubes open up new approaches to full integration, providing exceptional 
possibilities for further miniaturization [63]. The characteristic structures and 
electronic properties of carbon nanotubes allow them to interact strongly with organic 
molecules. The surface, made up of hexagonal arrays of carbon atoms in graphene 
sheets, interacts strongly with the benzene ring of aromatic compounds. Hence, they 
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have demonstrated themselves as an effective sorbent phase in extraction [63-72]. 
 
As early as 2001, Long and Yang found that dioxins, having two benzene rings, were 
strongly adsorbed on MWCNTs [64]. They suggested that MWCNTs were an ideal 
sorbent for dioxin removal. Following that, MWCNTs were investigated to some 
extent for SPE applications. Most of these applications are performed on an 
MWCNT-packed cartridge followed by further elution with suitable organic solvents. 
The recoveries of SPE using MWCNT-packed cartridge were comparable with 
several commercial SPE sorbents such as C18, C8, and polystyrene-divinylbenzene 
(PS-DVB), while MWCNTs were more effective than or as effective as these latter 
SPE sorbents [65-67].  
 
In addition to external surfaces, carbon nanotubes appear to act as benign hosts that 
can encapsulate protein molecules in their internal tube cavities [68]. Recently, 
Valcárcel and coworkers [69] explored the analytical potential of C60 fullerene, a 
carbon nanotube-related structure, as a sorbent phase for chelates or ion pairs of metal 
ions, organic compounds or organometallic compounds from aqueous solution. 
Leading on from this, the use of MWCNTs has been extended to the preconcentration 
of rare earth [70] and Cd, Mn and Ni [71].  
 
Moreover, CNTs can also remove and preconcentrate volatile organic compounds. 
Mitra and co-workers [72] described a microtrap operating as a nanoconcentrator and 
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injector for GC. To fabricate the microtrap, a thin layer of CNTs was coated by 
catalytic chemical vapor deposition on the inside wall of a steel capillary. The CNT 
film provided an active surface for fast adsorption/desorption of small organic 
molecules such as hexane and toluene. The sorption of toluene was much stronger 
than hexane, attributed to the π–π interaction between the CNT side-wall and the 
aromatic ring. Besides, Basheer et al evaluated [43] MWCNTs as sorbent in the 
µ-SPE mode, for the enrichment of organophosphorus pesticides, as detailed as in 
section 1.2.1.5.  
 
1.2.2.2-2 Nanoparticles 
One property of nanoparticles is that most of the atoms are on the surface. The surface 
atoms are unsaturated and can easily bind with other atoms, thus exhibiting high 
chemical activity. Consequently, nanomaterials can selectively adsorb metal ions, or 
other compounds, showing a very high adsorption capacity. This property renders 
nanoparticles as suitable extractant materials. 
 
Cationic polystyrene nanoparticles with an average size of about 200 nm have been 
used for the concentration of oligonucleotides [73]. The principle of the method is 
based on attractive electrostatic forces between the cationic nanoparticles and 
oligonucleotides through a pH-controlled adsorption-desorption process. High 
absolute recovery rates in the range of 60-90% were obtained for target analytes even 
at low-nanomolar concentrations, which indicated that the developed extraction 
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method based on polystyrene nanoparticles was successfully applicable to the 
quantitation of oligonucleotides in human plasma with high binding affinity.  
 
Titania nanoparticles (10-50 nm) have been examined [74] for the concentration of 
metal ions, such as Zn and Cd. Coupled with flame atomic absorption spectrometry 
(FAAS), the LODs of this method were 1.8 ng/mL (Zn) and 3.0 ng/mL (Cd). 
  
In both of the above studies, nanoparticles were used in a form of powder, requiring 
repeated centrifugation and washing steps to isolate them from the extraction solution. 
One possible occurring problem may be the incomplete isolation of the particles 
because of their minute dimensions. 
 
Alternatively, the application of magnetic nanoparticles for extraction offers a 
straightforward way to isolate nanoparticles after extraction. Owing to their magnetic 
property, these nanoparticles can be conveniently separated from the sample solution 
under a magnetic field. Besides, they are possibly directly used for matrix-assisted 
MS detection, which means no desorption step is involved. It affords an alternative 
approach to extract especially biological molecules, DNA, cancer cells, drugs and 
proteins. Hitherto, various magnetic nanoparticles with various functionalities have 
been examined, such as aptamer [75], antibody [76], protein [77], C18 [78], carboxyl 
[79], serum albumin [80] or C60 [81]. 
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Another material of interest to note is titania nanoparticles. Titania materials have a 
special affinity for phosphonic-acid compounds, which has been extensively 
demonstrated. Based on this property, titania nanoparticles or titania coated magnetic 
nanoparticles are attractive enrichment materials for biological analytes, such as 
phosphopeptides and phosphoproteins. Chen et al employed titania-coated magnetic 
nanoparticles to selectively concentrate phosphopeptides from protein digest products 
[82]. Because of their magnetic properties, the titania-coated magnetic nanoparticles 
that are conjugated to the target peptides can be isolated readily from the sample 
solutions by employing a magnetic field, avoiding tedious centrifugation steps. The 
target analytes trapped by the titania-coated magnetic nanoparticles can be identified 
by introducing the particles directly into the MS for titania-matrix-assisted laser 
desorption ionization mass spectrometric (MALDI-MS) analysis without any elution 
steps. The lowest detectable concentration of phosphopeptides using this approach 
was 500 pM for a 100-µL tryptic digest solution of ß-casein; this level is much lower 
than that which can be obtained using any other currently available methods.  
 
In another study [83], titania nano-composites were photo polymerized in the 
presence of a diacrylate crosslinker. Due to the high crosslinking, the particles 
exhibited agglomeration, which allowed the nano-composites to be well retained 
within the cartridge and polytetrafluoroethylene tubing herein capped by two pieces 
of glass wool. Hence, material can be conveniently used as a sorbent for extraction. 
Both of the above works demonstrated that titania nanoparticles had high loading 
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capacity and high capture efficiency for enriching phosphopeptides and 
phosphoproteins that were superior to titania micro-particles. The characteristic of 
higher specific surface area of nanoparticles is a contributing factor to this observation. 
The cost for preparing titania nanoparticles is low and these materials hold continuing 
promise for phosphopeptide and phosphoproteins enrichment. 
 
1.2.2.3 Ionic liquids (ILs) 
An ionic liquid (IL) is often referred to any compound that has a melting point less 
than 100°C. Since the first report in 1982 [84], many ILs containing a variety of 
cations and anions of different sizes have been synthesized to provide desirable 
characteristics. Generally, ILs have negligible vapor pressures at room temperature, 
possess wide-range viscosities, can be custom-synthesized to be miscible or 
immiscible with water or organic solvents, often have high stability, and are capable 
of undergoing multiple solvation interactions with many types of molecules. They 
have been shown to be useful in various fields, such as organic synthesis, green 
chemistry and analytical chemistry (as GC stationary phases, MALDI-MS matrix, and 
in spectroscopic and electrochemical applications). As far as extraction is concerned, 
they are considered potentially attractive alternative extractant phases that may 
enhance analyte selectivity besides the consideration of environmental friendliness 
[85]. As an example, ILs have recently been investigated as single-drop 
microextraction (SDME) extractant solvents [86-90].  
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Recently, a novel Nafion membrane-supported IL-SPME-GC-MS technique for the 
simultaneous sampling and determination of ultratrace levels of PAHs in aqueous 
samples in the headspace mode was described [91]. The SPME fiber was precoated 
with Nafion membrane before the coating of the IL film, to enhance the amount and 
stability of the latter IL film on the fiber. The hybrid IL-SPME fiber was freshly 
coated for each extraction, but the coating and washing-out processes were 
accomplished in a few minutes. The comparison of extraction efficiency between the 
IL-SPME fibers coated with and without Nafion-supported membrane for the five 
tested PAHs indicated that fibers coated with Nafion could extract two to three times 
greater amount of analytes (based on peak areas) than those without it. The extraction 
capability of three ILs (1-methyl-3-octylimidazolium trifluoromethanesulfonate: 
[C8MIM][TfO], 1-benzyl-3-methylimidazolium trifluoromethanesulfonate: 
[BeMIM][TfO] and 1-methyl-3-phenylpropylimidazolium trifluoromethanesulfonate: 
[PhproMIM][TfO]) was evaluated; [C8MIM][TfO] was shown to have the highest 
extraction efficiency for the tested compounds. The targeted PAHs in this study 
showed good recoveries (80-110%) and repeatability (RSD < 12%) from spiked 
samples. 
 
Another IL, [C8MIM][PF6], could be used as a disposable coating for the headspace 
SPME of benzene, toluene, ethylbenzene and xylene (BTEX) in paint samples. The IL 
was directly coated by repeated dipping and evaporating process. Since this coating 
process could be achieved in several minutes, it was very convenient; there was no 
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observation of any carryover [92]. Most recently, several monocationic and dicationic 
ILs were used to coat SPME fibers [93]. They could absorb both polar and nonpolar 
analytes and were also compatible with subsequent GC analysis.  
 
1.2.2.4 Ordered mesoporous materials 
Basically, analyte separations and extractions require materials with ability to 
influence mass transfer behaviors and/or phase partitioning of analytes. Hence, 
materials with excellent mass transfer performance are strongly expected to be 
suitable for extraction purposes. Ordered mesoporous materials which were first 
invented by Mobil in 1992 [94] have ordered substructures, affording high surface 
area. Since then, research on their preparation, characterization and applications has 
increased tremendously. They have been demonstrated to exhibit higher adsorption 
efficiency than normal materials without ordered substructures. Recently, applications 
with these materials have been extended to the microextraction.  
 
MCM-41-typed mesoporous silica materials (MCM-S0) and phenyl-functionalized 
MCM-41-typed mesoporous silica hybrid materials (MCM-S1) were the first to be 
considered as fiber coatings for SPME. Compared with bonded porous silica phase 
coatings, the mesoporous fiber coatings exhibited higher sensitivity and better 
selectivity for the extraction of aromatic compounds in combination with HPLC 
analysis, because of their larger surface area and controllable mesopores [95-97]. 
However, progress in this field has not advanced very far beyond the early study. A 
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possible reason is that mesoporous particles had to be glued onto the SPME fiber 
using epoxy glue, making it difficult to control the evenly distribution of the materials. 
As a result, variation in extraction efficiency was observed [95-97]. 
 
To improve extraction performance, ordered mesoporous films have been prepared by 
the sol-gel method, which enabled the formation of uniform coatings on the 
supporting material directly. Ordered mesoporous alumina film coated onto the 
capillary wall has been applied to the determination of trace Co, Ni and Cr in human 
urine and rice flour followed by ICP-MS detection. Under optimized conditions, the 
LODs were 0.33, 1.5 and 1.4 ng/ L for Co, Ni and Cd, respectively, with a 
preconcentration factor of 10 times [98].  
 
Ordered mesoporous silica coating modified with octadecyl groups has also been 
introduced into a capillary for in-tube SPME integrated with HPLC [99]. Bisphenol A 
was used as a model analyte. Improved extraction was obtained when compared with 
that of non-mesoporous structural coatings. In addition, the coatings produced by 
different structure directing agents were also compared and the highest sample 
capacity was achieved with the most ordered mesostructural coating. Tap water and 
lake water samples spiked with bisphenol A were tested under optimized conditions 
with the linearity ranging from 0.01 to 1 µg/mL. LODs were measured to be 2.8 and 
2.9 ng/mL, respectively. The precision of the method was satisfactory with RSD 
values < 2.7%.  
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At this time, the potential of mesoporous materials as SPME coatings has not yet been 
fully exploited although more attention is being paid to the synthesis of new 
mesoporous materials with defined controllable properties. Most applications are 
concerned with silica materials whilst non-silica based ordered mesoporous materials 
are slowly gaining attention. It can be expected that non-silica based materials will 
become increasingly attractive for sample extraction and preconcentration. 
 
1.2.2.5 Hybrid materials  
Hybrid materials are generally referred as materials comprising two or more 
integrating components which combine at the molecular and nanometer level. Hybrid 
materials are specially tailored to give desirable properties or to suppress undesirable 
ones for wide ranging applications. Over the past decades, with the development of 
sol-gel techniques, novel hybrid materials with interesting and useful functionalities 
have been exploited based both on silica and polymeric materials.  
 
Applications of hybrid organic-inorganic sol-gel materials can be found in SPME.  
Many commercially available coatings for SPME are hybrid materials, e.g. PDMS, 
DVB, polyacrylate (PA), Carboxen (CAR; a carbon molecular sieve) and Carbowax 
(CW; polyethylene glycol). However, due to the continuously expanding fields of 
application (environmental, clinical, forensic, food and biological analytes), there 
appears to be a need of more sorbent materials. The number of publications dealing 
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with in-house production of fibers with tailor-made properties used for SPME has 
been growing considerably [6, 100]. Recently, organic-inorganic hybrid materials 
based on zirconia, titania and alumina in extraction techniques have also been 
reported. Due to their superior pH stability and mechanical strength to silica, these 
non-silica based inorganic materials exhibited successful applicability [101, 102].  
 
A sol-gel coating based on titania-PDMS hybrid material was evaluated in an in-tube 
SPME-HPLC application. The coating was stable at high pHs and showed good 
sorption reproducibility. This newly-developed hybrid coating achieved LODs in the 
range of 11.6-0.15 ppb for on-line extraction and HPLC analysis of PAHs, ketones 
and alkyl benzenes [101].  
 
In addition, zirconia-polydimethyldiphenylsiloxane [102] was also proposed for 
in-tube SPME. Extremely low LODs in the range of parts per trillion were 
demonstrated for the analysis of both polar and non-polar analytes. However, these 
two applications of titania and zirconia based-materials are mainly focused on their 
physical characteristics, such as resistance to pH and high temperature, rather than 
general analytical applicability. 
 
There have been other examples of specially-prepared materials used for 
microextraction applications. Phenyltrimethoxysilane [103] was attached to an optical 
fiber support and applied to non-polar compounds (benzene, toluene, ethylbenzene, 
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2-octanone, benzaldehyde, acetophenone, dimethylphenol and tridecane). A variety of 
crown ether coatings have been used for the determination of BTEX [104-105], 
organophosphorous pesticides [106], aromatic amines [107] and phenolic compounds 
[108]. Different calix[4]arene compounds were applied to the determination of 
chloro-containing pesticides [109], chlorophenols [110], phenolic compounds [111] 
and PAHs [112]. Carbon based material such as glassy carbon was found to be 
suitable for BTEX [113] and monohalogenated benzenes [114]. Hydroxyfullerene 
coatings [115] were applied to polychlorinated biphenyls (PCBs) and PAHs. 
3-(trimethoxysilyl)propyl methacrylate coating [116] was used for the determination 
of aromatic compounds in beer. Three more types of acrylate/silicone co-polymers 
have been prepared and characterized using the sol-gel technology and cross-linking 
method. These coatings have been observed to be solvent resistant, thermally stable 
up to 350°C and higher lifetimes than those of commercial fibers [117]. One of those, 
co-poly(butyl methacrylate/hydroxyl) terminated silicone oil was found to be useful 
for the determination of 2-chloroethyl ethyl sulphide, a surrogate of the chemical 
warfare agent mustard gas, in soil samples. Another “exotic” coating is 
C8-tetraethylorthosilicate (TEOS) [118], which, in conjunction to HPLC, has been 
applied to the determination of phenylated species of arsenic, mercury and tin.  
 
1.3 Liquid-phase microextraction (LPME) 
An alternative miniaturized sample preparation approach emerged in the mid-to-late 
1990s [119], liquid-phase microextraction (LPME). As its name suggests, LPME 
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makes use of only a small amount of solvent for concentrating analytes from aqueous 
samples [120]. It overcomes many disadvantages of LLE as well as some of those of 
SPME (e.g. independence of a commercial source, simplicity of apparatus and sample 
carryover); it is simple, fast and is characterized by its affordability, and reliance on 
widely-available apparatus. It may be considered complementary to SPBME. 
 
In LPME, extraction normally takes place between a small amount of a 
water-immiscible solvent and an aqueous phase containing the analytes of interest. 
The acceptor phase can be directly immersed in or suspended above the sample (for 
headspace extraction). The volume of the receiving phase is in the microliter or 
submicroliter range. In this way, high enrichment factors are obtainable owing to the 
high sample volume-to-acceptor phase volume ratio. If the extraction medium is in 
the form of a single drop, this type of LPME is termed as SDME; if it is contained in a 
protective polymer hollow fiber, it is hollow fiber protected LPME (HF/LPME). 
 
Ma and Cantwell [121, 122] used an unsupported liquid organic membrane to 
separate two aqueous phase, the donor and acceptor phase. An ionic compound, 
mephentermine, was extracted from the donor phase to the organic phase, and then 
back extracted to the acceptor phase. A similar idea called supported liquid membrane 
(SLM) extraction was also used by others [123, 124]. In this format, a porous 
hydrophobic membrane, which immobilizes an organic phase, is sandwiched between 
the donor and acceptor phase, named as liquid-liquid-liquid microextraction 
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(LLLME). It is one type of HF/LPME, but extended to three-phase 
(aqueous-organic-aqueous) extraction [124]. Since the final extract is aqueous, it 
allows the combination of LPME with more separation and detection systems, e.g. CE 
and reversed-phase HPLC (two-phase LPME with GC). LLLME is eminently suitable 
to extract polar compounds from aqueous matrices [7, 125, 126]. 
  
Various modes of LPME have been developed, catering for different analytes with 
different properties. In some cases, extra “driving force” is employed to facilitate the 
extraction. For instance, ion-pair reagents, an electrical field or “chemical reactions” 
may be employed to enable or accelerate the extraction process [127]. In the 
following pages, the development of LPME is described in detail, based on its 
different modes. 
 
1.3.1 Carrier-mediated LPME (Ion-pair LPME) 
Generally, LPME proceeds based on diffusion, in which extraction is promoted by 
high partition coefficients. However, the chemical nature of some analytes results in 
poor partition coefficients that prevents them from being extracted in systems based 
on diffusion alone. This is especially so for very hydrophilic compounds. One 
solution to it is to add a carrier, ion-pair reagent, to the sample solution. Thus, the 
target analytes form ion pairs with the counter ions of opposite charge (of the ion-pair 
reagent), so that the ion pairs may possess higher partition coefficients than the 
original analytes. In this case, transport of the ion pairs from the aqueous sample 
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solution to the organic phase or further into the third aqueous acceptor phase [128-130] 
is facilitated. In the latter format (three-phase based, LLLME), a pH gradient, or 
counter ions between the two aqueous phases on either side of the organic solvent 
membrane can be another major driving force for the extraction, besides diffusion and 
ion-pairing.  
 
1.3.2 Electro membrane isolation (EMI) 
EMI, firstly proposed by Pedersen-Bjergaard et al [131], is a novel three phase-based 
LPME. The setup of EMI is similar to the general LLLME, except that the external 
voltage was applied between each side of the SLM. In that report, an artificial 
membrane (a polypropylene hollow fiber) immobilized with 2-nitrophenyl octyl ether 
was the SLM. In order to fully protonate the studied basic drugs, pethidine, 
nortriptyline, methadone, haloperidol and loperamide, the donor and acceptor phase 
were both acidified with 10 mM HCl. The negative electrode was placed in the 
acceptor phase, with the positive one in the donor phase. Once the voltage was 
applied (300 V), the protonated basic drugs migrated from the donor phase across the 
SLM to the acceptor phase, under the driving force of the electrical field. Fast 
extraction within 5 min could be obtained. Later on, the same authors examined 
influentical factors on EMI extraction efficiency in detail [132, 133].  
 
EMI has also been extended to the extraction of acidic compounds by the same group. 
The setup was identical to that for basic compounds, except that the positive electrode 
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was put in the acceptor phase and the negative one in the donor phase [134]. 
Additionally, the application of EMI was extended to metal ions, lead ions in amniotic 
fluid, blood serum, lipstick and urine samples [135]. 
 
1.3.3 Dynamic LPME 
In order to improve extraction efficiency of LPME, another strategy is to enhance the 
movement of the donor and/or acceptor phase, and thus accelerate the mass transfer. 
He and Lee [136] developed what they termed dynamic LPME. In the study, the 
microsyringe played a dual role, as a microseparatory apparatus for extraction as well 
as a GC sample injector. Basically, the aqueous sample was withdrawn into the 
microsyringe barrel pre-loaded with an organic solvent such as toluene. The sequence 
of sample withdrawal and expulsion was: Withdrawal of aqueous sample (3 µL) over 
2 s; waiting (dwell) time of 3 s to allow extraction of analytes into a thin film of 
organic solvent formed along the wall of the barrel as the bulk organic solvent was 
withdrawn back up towards the back of the barrel; and expulsion of the sample over 2 
s (recombination of the bulk solvent and the organic thin film); a dwell time of 3 s. 
This cycle was repeated 20 times within 3 min. The enriched toluene was then 
injected into the GC instrument for analysis. As compared to the static mode (organic 
drop held at the needle tip), dynamic LPME featured the repeated movement of the 
microsyringe plunger that allowed the formation of the thin organic film that 
facilitated the mass transfer of analytes from the sample, and considerable agitation of 
the two liquid phases that also enhanced extraction. Dynamic LPME provided a 
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higher enrichment factor (~27 fold) than the static mode (~12 fold) for some 
chlorinated benzenes.   
 
Another similar approach, dynamic headspace-LPME, was also developed and 
applied for the extraction of chlorobenzenes in soil [137] by repeatedly withdrawing 
and discharging the gaseous sample from the syringe barrel.  
 
Although the dynamic mode of the aforementioned procedures was shown to be fast 
and highly efficient, the manual manipulation of the syringe plunger made operation 
tedious. Additionally, the repeatability of the procedure was relatively poor. A 
programmable syringe pump was introduced for automating the extraction to 
overcome these problems [138, 139]. The programmable syringe pump was employed 
for withdrawing and discharging the aqueous sample in and out the hollow fiber. This 
approach provided significantly higher enrichment factors as well as better 
reproducibility than conventional static LPME and manual dynamic LPME. 
Subsequently, dynamic three-phase LPME was introduced for the extraction of 
aromatic amines and phenoxy acid herbicides [140, 141], in which a hollow fiber unit 
as usual served as the “protector” of the organic solvent while the microsyringe barrel 
held the acceptor phase. With the repeated movement of the syringe plunger afforded 
by a programmable syringe pump, the renewable organic film and aqueous sample 
plug were formed inside the hollow fiber.  
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A more recent setup, which can handle several samples (up to six) by using a multiple 
channel syringe pump, was presented by Pezo et al [142]. This approach reduced 
extraction time due to simultaneous processing of six samples. 
 
1.3.4 Single-drop microextraction (SDME) 
SDME, characterized by its simplicity of operation and use, has attracted considerable 
attention in recent years. Psillakis and Kalogerakis [143] have written an overview of 
its basic extraction principles as well as advances from its advent to about 2002. 
Recently, its developments were fully highlighted by Xu et al [144].  
 
From the introduction of SDME in 1996 [145, 146], hitherto different modes of 
SDME have been developed, catering to various analytical applications, such as direct 
immersion-SDME and headspace-SDME. Based on these various implementations, 
different approaches have been taken by researchers to improve selectivity, introduce 
a degree of automation, expand the application range of the procedure, and make it 
compatible with more analytical techniques.  
 
Jeannot and Cantwell [147] introduced the idea of using a microsyringe as the organic 
solvent holder instead of a Teflon rod, to realize the combination of extraction and 
injection in a single device. In the efforts to enhance the stability of the drop, the 
modification of the needle tip was employed by Ahmadi et al [148]. The modification 
of the needle tip enlarged its cross-sectional area, resulting in greater adhesion 
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between the tip and the drop. With this modification, the organic drop was able to 
withstand a higher stirring speed, up to 182 rad s-1 (1 rpm=0.1047 rad s-1), and 
enhanced enrichment factors ranging from 540 to 830-fold for organophosphorus 
pesticides were observed.  
 
A new organic solvent-free mode of headspace-SDME termed headspace water-based 
LPME was proposed by Zhang et al [149]. A sodium hydroxide aqueous solution 
instead of a high-boiling point organic solvent was used as the acceptor solvent to 
extract volatile or semivolatile ionizable compounds (phenols). This permitted the use 
of CE, or reversed-phase HPLC, in the determination of the analytes. High 
enrichment factors were obtained. 
 
As mentioned in section 1.2.2.3, ILs have recently been investigated as SDME 
extractant solvents [86-90, 150-152]. These are generally considered to be 
environmentally friendlier solvents with unique characteristics (e.g. no effective vapor 
pressure, adjustable viscosity and immiscibility in water and other organic solvents) 
that may be tuned by changing the combination of different anions and cations. Using 
ILs as extractant solvent, formaldehyde [87], phenols [88], chlorinated anilines [89], a 
series of BTEX, PAHs, phthalates, phenols, aromatic amines, herbicides and 
organotin and organomecury compounds [90] have been investigated. ILs were 
demonstrated to be compatible with many detection techniques, apart from HPLC, 
such as AAS and cold-vapor atomic fluorescence spectrometry.  
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In a MALDI-MS application, Sudhir et al [153] introduced gold nanoparticles to the 
solvent in SDME to extract peptides. The analysis was subsequently performed with 
atmospheric pressure MALDI-MS. Gold nanoparticles were dispersed into toluene 
with the help of tetraalkylammoniumbromide. Then a 0.8-µL drop containing the gold 
nanoparticles was used to extract Met- and Leu-enkephalin peptides. The extraction 
proceeded based on the surface charge of the gold nanoparticles and the isoelectric 
point of the peptides. Using this method, the lowest detectable concentrations were 
0.2 and 0.17 µM for Met- and Leu-enkephalin peptides, respectively. The efficacy of 
the procedure was demonstrated with a urine sample.  
 
SDME has emerged as a viable sample preparation approach with which one could 
obtain generally acceptable analytical data. It can and has been shown to be routinely 
applicable to real world samples. Due to its simplicity, ease of implementation, and 
insignificant startup cost, SDME is accessible to virtually all laboratories. To be sure, 
it has some limitations, for example, (a) in its most basic (direct immersion) mode it 
requires careful and elaborate manual operation because of the problem of drop 
dislodgment and instability; (b) since more complex matrixes will compromise the 
stability of the solvent drop during extraction, an extra filtration step of the sample 
solution is usually necessary. This problem can be alleviated by carrying out 
headspace-SDME; (c) Notwithstanding the acceptable analytical performance 
mentioned above, the sensitivity and the precision of SDME methods need further 
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improvement. The main issue lies with the adverse consequences of prolonged 
extraction time and fast stirring rate, since they may result in drop dissolution and/or 
dislodgement; and (d) SDME is not yet suitable as a routinely applicable online 
preconcentration procedure. Although some progress has been made to automate 
SDME, cost considerations will mean that the approach will not be widely accessible. 
 
1.3.5 Dispersive liquid-liquid microextraction (DLLME) 
Recently, a novel LPME method termed dispersive liquid-liquid microextraction 
(DLLME) was developed by Rezaee et al [154]. Since its introduction, DLLME has 
been examined for determination of PAHs [154], organophosphorus pesticides [155], 
chlorobenzenes [156], chlorophenols [157], phthalate esters [158], selenium [159], 
triazine herbicides [160], trihalomethanes [161], phenols [162] and cholesterol [163] 
in liquid samples. 
 
The extraction includes the injection of an appropriate mixture of an extractant (high 
density and water immiscible) solvent, and a disperser (water miscible and polar) 
solvent into the sample solution. Acetone, methanol and acetonitrile can be used as 
dispersers, whereas chlorinated solvents (e.g. chlorobenzene, carbon tetrachloride, 
tetrachloroethylene) are useful as extractants, because of their higher density than 
water. The extractant solvent is dispersed into the aqueous sample as very fine 
droplets and a cloudy solution is formed, into which the analytes are enriched. Owing 
to the considerably large surface area between the extractant solvent and the aqueous 
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sample, the equilibrium state is achieved quickly and the extraction is independent of 
time. After extraction, centrifugation of cloudy solution is necessary to separate the 
extractant phase and the sample solution. After centrifugation, the extractant phase 
enriched with analytes settles at the bottom of the vial and can be collected for 
instrumental analysis. DLLME is a modified solvent extraction method and its 
acceptor-to-donor phase ratio is greatly reduced compared with other extraction 
methods. It possesses some advantages, such as simplicity of operation, rapidity, low 
sample volume, low cost and high enrichment factor. However, it also suffers from 
some weakness, e.g. inconvenience to separate the acceptor phase after extraction, 
using a centrifuge which requires a power supply to operate. 
 
1.3.6 Continuous-flow microextraction (CFME) 
CFME evolved from conventional SDME, and was first described by Liu and Lee in 
2000 [164]. Briefly, an aqueous sample (typically of total volume 3 mL or less) was 
pumped continuously at a constant flow rate (0.05 mL/min, or above) using an HPLC 
solvent delivery system, into a 0.5-mL glass extraction chamber (a modified sample 
vial with a septum-liked cap) via a connecting PEEK tubing. After the chamber had 
been filled with sample solution, with the surplus flowing to waste through an outlet, 
the required volume of a water-immiscible organic extraction drop (1-5 µL) was 
introduced into the system via a conventional HPLC injection valve. The drop then 
traveled to the outlet of the PEEK tubing (within the chamber) when it remained 
attached. The sample solution was continuously pumped “around” the drop, allowing 
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analytes to be extracted efficiently. At the end of the extraction, a microsyringe needle 
was introduced into the chamber to collect an appropriate amount of the extract for 
analysis. High concentration factors ranging from 260- to 1600-fold were achieved 
within 10 min of extraction of trace nitroaromatics and chlorobenzenes. In 
combination with GC-electron capture detection (ECD), the procedure allowed 
analytes to be detected at fg/mL levels.  
 
CFME differs from other extraction approaches that a drop of solvent fully and 
continuously makes contact with a fresh and flowing sample solution. Both diffusion 
and molecular momentum resulting from mechanical forces contribute to its 
effectiveness. With the use of an HPLC injection valve, precise control of the solvent 
drop size could be achieved while introduction of undesirable air bubbles was avoided. 
Another advantage was that because of the high preconcentration factor that can be 
achieved, smaller volumes of aqueous samples were needed for extraction. Its 
applications were further demonstrated in combination with GC-ECD [165], HPLC 
[166, 167] and ICP [168, 169] detection. 
 
1.3.7 Solvent-bar microextraction (SBME) 
Jiang and Lee [170] originally introduced a new form of LPME, termed as solvent-bar 
microextraction (SBME). In this method, the extractant organic solvent was confined 
within a short length of a polypropylene hollow fiber, sealed at both ends. This 
solvent bar can be directly placed in the sample solution and subjected to agitation 
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during extraction. Due to the stirring and the free tumbling of the solvent bar, mass 
transfer between aqueous phase and organic phase is facilitated, thus resulting in high 
extraction efficiency. In some sense, its improved extraction efficiency stems from the 
vigorous movement of the confined acceptor phase. In the case of pentachlorobenzene 
and hexachlorobenzene, used as model compounds, which were determined by 
GC-ECD, enrichment factors of up to ~110 and ~70 fold respectively could be 
achieved. In addition, owing to the protection offered by the hollow fiber, the 
procedure could be directly used for “dirty” samples, such as soil slurries, thus 
eliminating matrix interferences effectively. This approach was demonstrated to have 
higher extraction efficiency than that of HF/LPME and SDME. Other independent 
reports have demonstrated the effectiveness of SBME [171]. Moreover, three-phase 
based SBME was also performed by Huang et al [172, 173]. 
 
1.4 This work: Objective and organization 
Microextraction refers to a sample preparation procedure where the volume of 
extracting phase is very small in relation to the volume of the sample. It represents an 
important trend of sample preparation, which is simple, less labor-intensive and 
organic solvent-minituriazed. Microextraction is still evolving. It is worth further 
development and investigation. 
 
The main objective of the present thesis is to develop methodologies of 
microextraction, including SPBME and LPME. For SPBME, new functional materials 
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were synthesized and characterized, affording high selectivity and efficiency. On the 
other hand, the configuration of sorbent phase can be controlled in a form that may 
benefit the microextraction process.  
 
A zirconia hollow fiber was synthesized by the sol-gel method. Owing to its strong 
affinity for phosphorous compounds, it was demonstrated in the extraction and 
LC-MS analysis of a nerve agent degradation product.  
 
A mercapto groups-incorporated hybrid silica-based monolith, which was further 
derivatized to yield sulfonic acid groups, was prepared in-situ by sol-gel technology. 
The application of this material was demonstrated by the in-tube SPME of 
anaesthetics followed by CE-UV separation and detection.  
 
Finally, in relation to SPME-like approach, a single-step extraction-cleanup procedure 
involving MAE and µ-SPE was developed. Graphite fiber was used as a sorbent 
material for extraction. The MAE-µ-SPE method was successfully used for the 
extraction of PAHs in river and marine sediments, demonstrating its applicability to 
real environmental solid matrixes. 
 
For LPME, a primary concern is its applications on critical analytes or establishing 
the extraction system to be compatible with more detection methods. SBME based on 
two-phase (water-to-organic) extraction was for the first time used as the sample 
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pretreatment method for the non-aqueous CE (NACE) of herbicides of environmental 
concern. Due to the compatibility of the extractant organic solvent and the NACE 
separation system, the extract could be directly introduced to the CE system after 
SBME. In addition, field-amplified sample injection with pre-introduced organic 
solvent plug removal using the electroosmotic flow as a pump (FAEP) was initiated to 
further enhance the sensitivity in NACE.  
 
In another LPME applicaton, ion-pair-LLLME and EMI, were developed to extract 
four nerve agent degradation products. Combined with capacitively-coupled 
contactless conductivity detection (C4D), the direct detection of these compounds 
could be achieved by CE analysis. Moreover, large-volume sample injection was 
employed to further enhance the sensitivity of this method. LODs, as low as ng/mL 
level were reached. The newly established approaches could be applied to real 










Chapter 2. Zirconia Hollow Fiber: Preparation, Characterization and 
Application to Microextraction 
2.1 Introduction 
Inorganic materials have attracted extensive attention in many fields, such as catalysis, 
energy storage, and electronics. Due to its self-supporting and large surface area 
properties, a hollow fiber configuration is currently a preferred choice for many 
applications [174, 175]. Combining the superior characteristics of inorganic materials 
and hollow fiber configuration, ceramic metal oxide hollow fibers have huge potential 
in applications. Hence, the preparation of hollow fibers of ceramic metal oxides is an 
important and challenging topic in the development of membranes in this 
configuration. 
 
Silica, alumina, titania, zirconia and their composite hollow fibers (actually nanotubes) 
have been prepared using various methods [176-187]. Compared to the other ceramic 
metal oxides, zirconia possesses much better alkali resistance, is practically insoluble 
within a wide pH range and shows outstanding resistance to dissolution at high 
temperature [188]. Due to these favorable properties, it has wide applications in 
catalysis, optoelectronics, and energy conversion. Zirconia or zirconia composite fibers 
with different characteristics have been successfully prepared. Among them, cellulose 
and its derivatives have been applied as substrates to obtain zirconia composite fibers 
[176, 177]. In addition, zirconia or yttria-stabilized zirconia hollow nanotubes or fibers 
have been successfully prepared using different templates, e.g. nanocarbon [178] and 
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nickel oxide [179]. By using the layer-by-layer method, 
α,ω-diorganophosphonate/zirconia nanotubes were prepared within the pores of 
alumina template membranes [180]. However, the dimensions of these fibers are at the 
nanometer scale. To the best of our knowledge, hitherto, there are few reports on the 
preparation and characterization of zirconia hollow fiber (ZHF) in the macro-range. 
Herein, the convenient fabrication of ZHF of several centimeters or longer using a 
polymer hollow fiber as a template, by the sol-gel method, was initially investigated in 
the present work.  
 
The synthetic procedure is straightfoward. The polymer template was first immersed in 
the proper zirconia sol precursor for a prescribed time followed by a drying process. 
This immersion and drying procedure were repeated several times. After burning the 
polymer off, the ZHF was obtained. By controlling the calcination temperature and 
immersion cycles, zirconia fiber with different porous structures and wall thickness can 
be obtained. 
 
Here, in the present study, the ZHF was utilized directly as a microextraction device, 
similar to PC-HFME. The zirconia in this new configuration, as an individual 
extraction device avoids tedious procedures associated with the powder as the sorbent 
phase, such as centrifugation and/or isolation, or adhesion onto the support materials. 
Monolithic materials have also been reported for microextraction purposes. However, 
they require a more complex preparative methodology [6, 189]. In this sense, ZHF 
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when used for microextraction has advantages owing to its simple synthesis and 
extraction configuration. 
 
Alkyl alkylphosphonic acids resulting from the first hydrolysis of G- and V-type nerve 
agents are quickly formed by the contact of the nerve agents with water and are 
persistent in the environment. Their presence is the most probable evidence of the use 
of nerve agents. Much effort has been devoted to extract and detect them in complex 
environmental matrices. One-dimensional and two-dimensional nuclear magnetic 
resonance spectroscopy have been established to the determination of 
organophosphorus compounds related to the Chemical Weapons Convention at a 
concentration level of 1-10 µg/mL [190]. In addition, molecularly imprinted SPE has 
also been tested for the analysis of alkyl alkylphosphonic acids [191, 192]. However, 
some non-specific interactions were still observed during this extraction process. The 
low binding capacity of the molecularly imprinted material and its sensitivity to the 
presence of water in the percolation or washing medium tends to disrupt the selective 
interactions based on hydrogen bonding, this limiting its application range. Ethyl 
methylphosphonic acid, the main hydrolysis product of Russian VX, has been 
determined by GC-MS following solvent extraction. The LOD was 40 ng/mL in the 
full-scan mode [193].  
 
Since the zirconia material has a strong affinity for phosphonic acid-containing 
compounds [188], it can be highly expected to extract and concentrate the alkyl 
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alkylphosphonic acids. Hence, pinacolyl methylphosphonic acid (PMPA), the 
degradation product of soman, was used as a test substance to investigate the extraction 
ability of the zirconia material in this study. After optimization of the extraction 
conditions, the established method was applied to the lake water spiked with PMPA at 
low ng/mL level in combination with LC-MS analysis. 
 
2.2 Experimental  
2.2.1 Reagents and materials 
Zirconyl chloride (ZrOCl2·8H2O) was obtained from Chemicals Testing and 
Calibration Laboratory (Singapore). Oxalic acid, formamide, ammonium bicarbonate, 
formic acid, acetonitrile and ethanol were all purchased from Fisher (Loughborough, 
UK). PMPA was purchased from Sigma Aldrich (St. Louis, MO, USA). Ultrapure 
water was produced on a Nanopure water purification system (Barnstead, Dubuque, IA, 
USA), which was used throughout all the experiments performed in this thesis. The 
Accurel Q3/2 polypropylene hollow fiber (PHF) membrane (600-µm I.D., 200-µm 
wall thickness, 0.2-µm pore size) was bought from Membrana (Wuppertal, Germany). 
 
2.2.2 Preparation of zirconia sol 
Three categories of zirconia sols were investigated for the synthesis. Zirconia sol (I) 
was prepared according to a previous report [194] with little modification. Briefly, 
different amounts of ZrOCl2·8H2O was dissolved in the 30 mL mixture of 
ethanol/water (5/3, v/v) to give different concentrations and then kept at 343 K for 2 h 
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to form sol solutions. Zirconia sol (II) [195] was prepared by mixing 3 g of 
ZrOCl2·8H2O, 2.5 mL water and 2.5 mL formamide. The mixture was sonicated for 
30 min at room temperature to obtain a homogeneous solution. Zirconia sol (III) was 
prepared as follows [196]. 0.25 M oxalic acid was mixed with 0.5 M ZrOCl2·8H2O 
aqueous solution at a ratio of 1/2 (v/v) under stirring. After stirring > 30 min, a 
transparent blue zirconyl oxalate sol was obtained.  
 
2.2.3 Preparation of ZHF 
A PHF (3 cm length) was first ultrasonically cleaned in acetone for 5 min to remove 
any possible impurities in the fiber. It was removed from the acetone, and the solvent 
was allowed to evaporate completely in air. For coating, the polymer fibers were 
immersed in the above-prepared zirconia sols for 1 h, followed by a drying procedure 
with careful temperature control to 393 K that was maintained for 2 h. Subsequently, 
several repetitions of the above immersion and drying process were performed to 
obtain a dense zirconia aggregate within the template. Finally, the zirconia-coated 
polymer fibers were heated from room temperature to 873 K at 5 K/min; this 
temperature was maintained for 4 h. This was to remove the template and crystallize 
the zirconia. 
 
2.2.4 Characterization of ZHF 
The as-synthesized zirconia fiber was characterized by elemental analysis (EA), 
thermogravimetry and differential thermal analysis (TG-DTA), scanning electron 
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microscopy (SEM), powder X-ray diffraction (XRD) and low temperature nitrogen 
adsorption/desorption measurements. 
 
EA was carried out on a Perkin-Elmer (Shelton, CT, USA) 2400 with CHN 
combustion tube. TG analysis was carried out on a Setaram (Caluire, France) 
TG-DTA system to investigate the thermal behavior of the material (zirconia-coated 
PHF), which was first predried at 393 K for 2 h. Then it was heated progressively from 
293 to 1173 K at a heating rate of 10 K min-1. The XRD experiment was performed 
on a Shimadzu (Kyoto, Japan) Lab X-3000 system to investigate the internal array of 
the zirconia. The patterns were run with nickel-filtered copper radiation (λ=1.5406 A) 
at 40 kV and 30 mA; the diffraction angle 2θ was scanned at a rate of 2 º/min.  
 
Nitrogen adsorption/desorption experiments were carried out at 77 K using a 
Beckman Coulter (Miami, FL, USA) SA 3100 Plus surface area and pore size 
analyzer. The zirconia material was activated by evacuating in vacuum and heating to 
473 K for 10 h to remove any physically adsorbed substances before analysis. The 
specific surface area values were calculated according to the BET 
(Brunauer–Emmett–Teller) equation at P/P0 (relative pressure) between 0.05 and 0.2. 
The pore parameters (pore volumes and pore diameters) were evaluated from the 
desorption branches of isotherms based on the BJH (Barrett–Joyner–Halenda) model. 
A JSM-5200 (JEOL, Tokyo, Japan) system was used for the SEM experiments. To 
prepare samples for SEM, the zirconia fiber was fixed on the stub by a double-sided 
  46
sticky tape and then coated with platinum by a JFC-1600 Auto fine coater (JEOL) for 
50 s. 
     
2.2.5 Extraction procedure 
A stock solution (1 mg/mL of PMPA) was prepared in methanol. Water samples were 
prepared by spiking ultrapure water with the analyte at a known concentration (1 
ng/mL) to study extraction performance under different conditions, unless otherwise 
stated.  
 
Extraction was carried out as follows: the zirconia fiber was first immersed in the 
sample solution, which was then mechanically shaken for a prescribed time. Zirconia is 
a material with high density. When used for extraction, it sank to the bottom of the 
sample solution. In the case of vigorous stirring if used, the stirrer could potentially 
damage and break the ZHF by colliding with it repeatedly. Instead of a stirrer, a shaker 
was used in our study to facilitate the extraction process. The volume of the aqueous 
solution was 10 mL in a 12-mL vial. After extraction, the fiber was taken out and 
placed into ultrapure water to remove possible surface contamination. Finally, the fiber 
was dried by lint-free tissue and placed in a 200-µL ammonia solution (at different 
concentrations) for desorption of the analyte for a prescribed time. 20 µL of the final 
elution solution was directly injected into the LC-MS system for analysis.  
 
After each use, the extraction device was washed with the concentrated ammonia 
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solution for another 10 min to remove any possible residual analyte. After this step, 
when the extraction device was subjected to the desorption solution again, no analyte 
was detected (indicating no observable carryover effects). Thus, the extraction device 
can be repeatedly used (>10 times) without reduction in extraction efficiency. 
 
2.2.6 LC-MS analysis  
LC-MS analysis was performed using a Waters (Milford, MA, USA) 1525 binary 
pump coupled to a Waters-ZQ electrospray ionization (ESI)-quadrupole mass 
spectrometer. An Xterra (Waters) MS C18 column (150 mm×2.1 mm I.D., 3.5 µm) 
was used. The mobile phase contained water and acetonitrile (90/10, v/v) with 0.1% 
of ammonia solution. The flow rate was set at 0.2 mLmin−1. All the experiments were 
performed in triplicate. In order to obtain the optimum tuning conditions, the standard 
compound was delivered to the ESI source through an electronically-controlled 
syringe pump. Typical tuning conditions were as follows: negative ESI mode with 
capillary voltage of 3.0 kV, cone voltage of 30 V, desolvation temperature of 350 , ℃
source temperature of 100and desolvation gas flow of 500 L/h. Mass spectra collected 
in the full scan mode were obtained by scanning over the m/z range of  100 to 200.℃  
 
2.2.7 Application to lake water 
Real water sample was collected from a local lake. The pH of the original lake water 
was determined to be 7.5. The dissolved total organic carbon (TOC) was measured to 
be 6.175 mg/L with a Shimadzu (Tokyo, Japan) TOC-VCPH analyzer. The ion 
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content of lake water was measured to be 28.0 µg/mL. As no target analyte was found 
in the original sample, the water was spiked with analyte to obtain a concentration of 
1 ng/mL. The lake water was first acidified with formic acid to give a pH of about 6.5. 
It was then spiked with an appropriate aliquot of the stock solution. No other 
pre-treatment was needed before extraction. The spiked water was tested as soon as it 
was collected on the same day. 
 
2.3 Results and discussion 
2.3.1 Preparation of ZHF 
A PHF, which is commercially available, was employed as the template in the present 
study. It is affordable, easy to handle and has favourable characteristic to be used as a 
template.  
 
The sol-gel method, which is suitable for forming a homogenous coating, was 
employed to coat the template. The properties of the precursor sol, such as 
concentration and the reaction medium (type of solvent) play a very important role in 
forming the ultimate fiber configuration. In the present experiment, three kinds of 
zirconia sol precursors were investigated, as described in 2.2.2. When the zirconia sol 
(II) or (III) prepared in aqueous solution with the addition of formamide or oxalic acid 
[195, 196] respectively, was subjected to the same treatment as zirconia sol (I), 
powder-like substances resulted. However, zirconia sol (I) in the presence of ethanol 
generated the hollow fiber configuration. In this case, ethanol seems to be an important 
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factor in order to obtain a fibrous material, allowing zirconia sol to adhere to the 
polymer because of low surface tension, as well as affinity interaction between the 
polymer and the zirconia surface. This affinity interaction is attributed to the 
hydrophobic properties of zirconia and the polymer surface, as demonstrated previously 
[197-199]. The presence of ethanol can sharply decrease the surface tension of the 
zirconia sol, facilitating its penetration of the pores of the template, leading to the 
growth of zirconia within these pores.  
 
Furthermore, ethanol facilitates the hydrolysis and condensation reactions of the 
zirconia sol. It is well known that zirconium atoms have a higher tendency to expand 
their coordination with alcohol molecules than other ceramic atoms, such as aluminium, 
titanium and silicon [200]. Hence, the presence of ethanol in zirconia sol can reduce the 
gelation rate of zirconia and assist in the formation of an evenly interwoven structure; 
this is essential for microstructural and shape control of zirconia material.  
 
The concentration of zirconia sol is also very important for the formation of the fiber. 
This was observed when 1 g, 2 g, 4 g and 6 g ZrOCl2·8H2O were dissolved in 30 mL of 
ethanol/water (5/3, v/v) respectively to obtain different concentrations of zirconia sol. It 
became more difficult to obtain a morphologically-defined and rigid hollow fiber with 
decreasing ZrOCl2·8H2O concentration. Based on this observation, the zirconia sol 
precursor containing 6 g ZrOCl2·8H2O was optimium for fiber fabrication. 
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Fig. 2-1 shows the TG and DTA curves of the zirconia-coated PHF, which was first 
predried at 393 K for 2 h. Weight loss occurred below 800 K, corresponding to ca. 52% 
weight loss. The weight loss can be attributed to the following reasons: at 
approximately 300-473 K, the volatilization of adsorbed water or possibly organic 
compounds occurred; Between 450 and 750 K, weight loss was due to the 
decomposition and oxidation of the polymer template. The condensation 
polymerization of hydrated zirconia may also contribute to the weight loss in the 
combustion process. Heat treatment was essential to remove the polymer template. 
Elemental analysis of zirconia calcinated at 873 K demonstrated that no detectable 
carbon or hydrogen could be found, indicating the template had been totally removed. 
 
In the DTA curve, a significant endothermic peak was observed at about 373 K, which 
possibly indicated the desorption of adsorbed water. The broad exothermic peak at 
about 673 K demonstrated the combustion of the polymer template. A sharp exothermic 
peak appearing at about 800 K indicated the crystalline changes in the zirconia, from 
the amorphous to monoclinic and tetragonal phases, which can also be demonstrated by 
XRD patterns (discussed later). Therefore, the calcination temperature is also very 
important for the crystallization of the material. According to the TG and DTA analysis, 
calcination temperature higher than 873 K ensures the total removal of template and 
crystallization of zirconia material. Therefore, 873 K was chosen for the calcination 




















2.3.2 Characterization of ZHF 
Fig. 2-2 is a photograph of the successfully obtained ZHF (a), and the PHF template (b). 
Compared to its template, the zirconia fiber displayed ca. 22% radial shrinkage, which 
can probably be ascribed to the calcination of the polymer and some possible loss of 
impurities during fabrication. When the template was burned off, the zirconia entities 
Figure 2-1 TG and DTA curves of the zirconia-coated PHF predried at 393 K. 
Figure 2-2 Photographs of ZHF (a) and PHF (b). The scale shown is in cm. 
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condensed, converting the loose structure to a rigid one. Additionally, the shrinkage of 












Fig. 2-3 shows XRD patterns of zirconia calcinated at 873 K. All peak positions agree 
well with the reflections of monoclinic or tetragonal zirconia, demonstrating the 
zirconia experiencing the above heat treatment is mainly composed of these two phases 
[202]. 
 
Fig. 2-4 shows the SEM images of the ZHF and PHF at different magnifications and at 
different view-angles. Fig. 2-4 (a) and Fig. 2-4 (b) are cross-sectional and longitudinal 
images of the ZHF, respectively. The internal diameter and wall thickness of the ZHF 
are measured to be 470 µm and 155 µm, respectively. These depend on the dimension  







































of the template fiber and the cycle times of the coating process. Fig. 2-4 (c) shows the 
throughpores of the ZHF. For comparison, Fig. 2-4 (d) shows the throughpores of 
polypropylene fiber at the same magnification. It can be seen that throughpores in 
either polypropylene or zirconia fiber are nearly uniformly distributed. Fig. 2-4 (e) and 
Figure 2-4 SEM images of ZHF and PHF: (a) cross-sectional image of ZHF; (b) 
longitudinal image of ZHF; (c) textural image of ZHF; (d) textural image of 
PHF; (e) nanopores of ZHF; (f) fibrous structure of PHF. 
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Fig. 2-4 (f) show the fine skeleton structure of ZHF and PHF, respectively. Apparently, 
the skeletons of ZHF consist of granular aggregates and uniform-distributed wormlike 
mesopores, while the template fiber is composed of fibrous skeleton and a few surface 
pores. The hierarchical mesoporous structure of ZHF leads to an enhanced surface area. 
In addition, it is also beneficial for fast mass transfer in real applications.  
 
Table 2-1 shows the pore structural parameters of the ZHF, zirconia-coated PHF as well 
as the PHF, based on nitrogen adsorption/desorption measurements. The pore size 
distribution calculated from the desorption branch of the isotherms suggests that there 
are uniform mesopores (about 16 nm) in the zirconia fiber. The specific surface area 
was calculated to be 37.4 m2/g and the total pore volume was found to be 0.25 cm3/g. It 
should be pointed out that a large surface area is more favorable for the subsequent 
microextraction application. 
 











PHF 24.3 0.05 ~ 4 
Zirconia-coated PHF 35.8 0.07 ~ 4 
ZHF 37.4 0.25 ~ 16 
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2.3.3 Optimization of extraction performance 
The use of zirconia material for sample preparation was very recently reported [203]. In 
that work, zirconia microtips were employed for the enrichment of phosphorylated 
peptides followed by MS analysis. The pH of the sample solution was found to be the 
essential factor influencing binding capacity of the zirconia material. Based on it, the 
pH of the sample solution was initially investigated in our study. Exposed to aqueous 
solution, the surface of the zirconia material, consisting of both terminal hydroxyl and 
bridging hydroxyl groups, offers a complex array of possibilities. Either group can be 
protonated or deprotonated depending on the environmental pH, which endows the 
zirconia with an amphoteric nature. In addition, the presence of coordinatively 
unsaturated zirconium (IV) ion sites on zirconia represents strong Lewis acid sites, 
which leads to the strong interaction of certain anions with the surface of the material, 
especially phosphonic acid-containing compounds [188]. The lower the pH, the easier 
the zirconia surface can be protonated. Therefore, low pH can be helpful in influencing 
the affinity of anions for the zirconia surface. However, higher pH is necessary for the 
ionization of the anions, phosphonic acid compound in this case, which benefits the 
ionic adsorption onto the zirconia surface. We studied 1 ng/mL PMPA samples in 0.3%, 
0.2%, 0.1% formic acid and ultrapure water, respectively, followed by desorption in 1% 
ammonia solution. The chromatographic result is shown in Fig. 2-5. A stronger 
chromatographic signal was observed in the case of water. However, when the sample 
containing 50 mM ammonium bicarbonate (pH=8.5) solution was investigated, no 
signal was observed. These results demonstrate that water (at a pH=6.5) is the most 
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suitable medium for the adsorption of PMPA onto the zirconia surface. This condition is 
a compromise between the ionization of the phosphonic acid groups and the protonation 












The extraction time was also optimized. Fig. 2-6 shows the extraction time profile. With 
increasing extraction time, the analytical signal increases correspondingly. Considering 
the extraction time and extraction efficiency, 30 min was chosen for subsequent 
experiments. 
 
Analyte desorption conditions were also investigated. It has been reported that 
phosphonic acid compounds can be easily eluted from the zirconia surface under 
alkaline condition [188].  Therefore, 0.5% (pH =11.50) and 1% (pH=11.85) ammonia 


















Formic acid content (%)
Figure 2-5 Influence of sample solution pH on the extraction efficiency. 
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solution was used to elute the adsorbed PMPA. Desorption was better when 1% 
ammonia solution was used (result not shown). A more concentrated ammonia solution 
(> 1%) may possibly be better for desorption. However, considering the compatibility 













Desorption time was also investigated. Fig. 2-7 depicts the relationship between 
chromatographic signal and desorption time. It can be clearly seen that the signals 
increase quickly within 30 min of desorption time. After 30 min, the plot flattens out. 
Hence, 30 min is sufficient for the complete elution of the adsorbed PMPA from the 
zirconia surface. 
 




























The reproducibility of the chromatographic peak areas was studied for four replicate 
experiments using the same extraction device for an aqueous sample containing 1 
ng/mL of PMPA. The RSD was 3.7%. The RSD for five different devices subjected to 
the same extraction conditions, was 6.8 %. The linearity of the ZHF microextraction 
calibration plot was investigated over a concentration range of 0.1 and 50 ng/mL. The 
tested analyte exhibited good linearity with satisfactory squared regression coefficients, 
reaching 0.9996. The LOD, calculated at S/N=3, was as low as 0.07 ng/mL under these 
conditions: extraction in water for 30 min followed by the desorption in 1% ammonia 
solution for 30 min. Compared to the reported methods that have been used for the 
determination of this type of compounds [190-193], hitherto, the LOD achieved here is 















Figure 2-7 Desorption time profile. 
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the lowest. The extraction was most efficient in water indicated that the ZHF was 





















Figure 2-8 LC-MS total ion chromatograms: (a) ZHF-extract of deionized water 
spiked with 1 ng/mL PMPA;  (b) lake water spiked with 1 ng/mL PMPA (no 
extraction but filtration); (c) lake water spiked with 1 ng/mL PMPA followed by 
ZHF microextraction. 
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2.3.5 Analysis of lake water 
Extraction of lake water spiked with PMPA (1 ng/mL, pH adjusted to be 6.5, see above) 
was carried out for 30 min by mechanical shaking, followed by desorption in 1% 
ammonia solution for 30 min. The chromatograms of extracts of pure water and lake 
water, both spiked with PMPA before and after purification by the zirconia fiber were 
compared, as shown in Fig. 2-8. Clearly, after extraction on a zirconia fiber, a stronger 
analytical signal is obtained. At the same time, some impurities have been removed. 
The relative recovery (defined as the ratios of HPLC peak areas of the respective spiked 
water sample extracts to spiked ultrapure water extracts) was 94.2%. This means that 
the matrix had little effect on zirconia microextraction, indicating that zirconia is a 
highly selective material for the purification and concentration of phosphonic acid 
compounds. 
 
2.4 Conclusions  
In the present work, zirconia hollow fiber (ZHF) membrane was successfully prepared 
using template synthesis by the sol-gel method. The ZHF is similar to its propylene 
hollow fiber template in terms of morphology. However, it exhibits a bimodal porous 
structure, throughpores and skeleton mesopores. Pore structure and wall thickness can 
be easily controlled during the coating process and heat treatment. 
 
The as-synthesized ZHF was successfully used for the extraction of a nerve agent 
degradation product, pinacolyl methylphosphonic acid, from water. Combined with 
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LC-MS detection, LOD can be as low as 0.07 ng/mL. The procedure serves as an 
addition to the approaches presently available for the determination of chemical 
warfare agents in environmental samples. It should also be useful for the detection of 
naturally-occurring phosphonic acid compounds in environmental samples or 
phosphorylated peptides/proteins in biological samples, with high selectivity. 
Moreover, ZHF can also be used as a substrate for further modification, via chemical 
bonding or coating, to expand its potential applicability, even in an extreme pH and 
temperature environment. 
 
In conclusion, this work has opened the possibility to fabricate numerous interesting 
inorganic hollow fiber structures with a homogenous controllable wall and porous 
substructure. This represents a new configuration for microextraction purposes. 
Additionally, the material may have other applications such as separations, materials 
















Chapter 3. Preparation, Characterization and Analytical Application of A 
Hybrid Organic-Inorganic Silica-Based Monolith 
 
3.1 Introduction    
Generally, hybrid materials are referred to as materials comprising two or more 
integrating components which combine at the molecular or nanometer level. One 
obvious property of hybrid materials is that they can be specially tailored to give 
desirable properties or to suppress undesirable ones for wide-ranging applications. 
They have been broadly used in analytical chemistry as sensors, stationary phases for 
HPLC and extraction sorbents [49].  
 
Monolithic materials have been attracting attention recently as alternative stationary 
phases for HPLC, CEC and as extraction sorbents, due to their fast dynamic transport, 
elimination of frits (necessary for particle-packed columns) and their good loading 
capacity that is superior to that of open tubular columns [204]. Basically, monolithic 
materials are grouped into two matrices: polymer- and silica-based. Since they can 
circumvent disadvantages associated with polymeric ones, such as swelling and 
shrinking under the influence of temperature and/or organic solvents, silica materials 
possess huge potential for applications in various fields [205], such as catalysis at 
high temperature in various organic solvents.  
 
A silica monolith is generally used after modification with desirable functional groups 
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via traditional chemical bonding methods. However, this type of chemically-bonded 
silica-based materials suffers from several defects, multi-step synthesis and probable 
low loading of the functional groups. Recently, there have been reports of hybrid 
silica-based monoliths being prepared by sol-gel technology. Organic functional 
groups can be evenly distributed in the structure of the inorganic matrix, which 
facilitates the attainment of excellent performance in applications [206, 207]. The 
materials have been especially investigated as CEC stationary phases containing 
different groups, e.g. allyl [208], octadecyl [209], phenyl [209], octyl [210] and amino 
[211]. However, this approach is limited because it requires careful control of 
synthetic conditions to obtain the defined monolithic configuration in the presence of 
dissimilar precursors. This implies that the synthetic conditions for hybrid monolithic 
structures containing different functionalities have to be optimized individually [212]. 
Hence, development of such materials has been inhibited when compared to that of 
chemically-bonded ones. 
    
In this study, we incorporated mercapto groups into the silica precursor by sol-gel 
technology, forming an organic-inorganic hybrid monolith. The mercapto organic 
moiety was chosen, because it can be conveniently derivatized into diverse 
functionalities. There have been some reports about mercapto-modified monoliths. 
Preinerstorsfer et al studied the transformation of 2,3-epoxypropyl groups of poly 
(glycidyl methacrylate-co-ethylene dimethacrylate) monolith to give thiol groups [213]. 
Xie et al modified a silica monolith with 3-mercaptopropyltrimethoxysilane (MPTS) to 
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yield thiol groups. A two-step process was reported that included the synthesis of the 
silica monolith and subsequent modification by a chemically-bonding method [214]. 
The aim of the present study was to synthesize the mercapto groups-incorporated 
silica-based hybrid monolith in a single step by sol-gel technology. Unlike the 
aforementioned previous studies, the present approach did not involve surface 
modification; it concerned the preparation of a monolith from the outset. Synthesis 
conditions, including solvent category, poly(ethylene glycol) (PEG) content, reaction 
temperature, reactant ratios and pH, were studied in detail. Subsequently, the resulting 
materials were characterized by EA, SEM, diffused infrared spectroscopy (IR) and 
low-temperature nitrogen desorption/adsorption measurements. One example of its 
application as described below has been demonstrated by oxidization using hydrogen 
peroxide (H2O2) to yield sulfonic acid groups on the monolith, which was then applied 
to the in-tube SPME of anaesthetics. This approach was further used for the extraction 
of anaesthetics in spiked human urine, followed by CE separation. 
 
3.2 Experimental 
3.2.1 Regents and materials 
Fused-silica capillaries of 250 µm i.d. × 365 µm o.d. were obtained from Hebei 
Yongnian Optical Fiber Factory (Hebei, China), while 50 µm-i.d bare fused-silica 
capillaries were purchased from Polymicro Technologies (Phoenix, AZ, USA). 
Tetramethoxysilane (TMOS) and MPTS were obtained from the Chemical Factory of 
Wuhan University (Wuhan, China). H2O2 (30%, w/w) and PEG (Mw=10,000) were 
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purchased from Shanghai General Chemical Reagent Factory (Shanghai, China). 
Anaesthetics procaine, lidocaine, tetracaine and bupicaine were purchased from 
Aldrich (Milwaukee, WI, USA). HPLC-grade methanol was obtained from Fisher 
(Loughborough, UK). Ammonia (NH3•H2O) and hydrochloric acid (HCl) were 
purchased from Merck (Darmstadt, Germany).  
 
3.2.2 Apparatus 
The CE experiments were performed on a HP3D CE system (Hewlett-Packard, 
Waldbronn, Germany) equipped with on-column diode array detection (DAD) system. 
A 51-cm-long, 50 µm-i.d. bare fused-silica capillary having a detector window at 42.3 
cm from the inlet was used for separation. Before use, the capillary was pretreated, in 
succession, with 1 M NaOH for 2 h, water for 10 min, 1 M HCl for 2 h and then water 
for 10 min. Data were collected by HP3D ChemStation software. The LODs were 
calculated according to peak heights and at a signal-to-noise ratio of 3. The 
electropherograms were obtained at a wavelength of 200 nm. All the experiments 
were performed at least in triplicate. 
 
The pH of the buffer was measured using a pH meter, calibrated with aqueous 
standard buffer solutions. Before use, the buffer was degassed in an ultrasonic bath 
(Midmark, Versailles, OH, USA) for 5 min and filtered through a membrane of 
0.25-µm pore size. 
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CE separations of the tested four analytes were carried out in phosphate buffer at a pH 
of 2.4. A positive voltage of 15 kV was used for separation. 
 
A Harvard Apparatus (Holliston, MA, USA) PHD 2000 syringe pump was to facilitate 
in-tube microextraction. 
 
3.2.3 Preparation of the hybrid monolith 
Hybrid monoliths were prepared by a sol-gel process. Typically, 0.1 g of PEG was 
dissolved in 1.0 mL of water first, and then 1.0 mL of TMOS, 0.3 mL of MPTS and 2 
mL of methanol were added. After being vigorously stirred at 273 K for 30 min, 
ammonia was introduced. Twenty minutes later, the sol obtained was transferred into 
a 3-mL polypropylene vial. To prepare the in-tube microextraction column, the sol 
was pumped into a fused capillary (15 cm × 250 µm i.d., final monolithic length of 15 
cm), and sealed at both ends by silicone rubber. Thereafter, both the capillaries filled 
with the sol and the polypropylene tube with the residue sol were placed in an oven at 
313 K for reaction. Twenty hours later, gelation took place, leading to the formation 
of the wet silica gels. After being kept in-situ at room temperature for 2 days, the 
monolith in the capillary was connected to a syringe pump and was washed for 24 h, 
sequentially, with water and methanol at a flow rate of 2.5 mL/h; while the sol in the 
polypropylene tube was immersed in water for 12 h (with a change of fresh water 
every two hours), and then in methanol for 12 h (with a change of this solvent every 
two hours). Finally, the materials were dried at 313 K for another 3 days. The hybrid 
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monoliths thus obtained were used for the following characterization and application.  
 
3.2.4 Characterization of the hybrid silica monolith 
SEM, EA and BET experiments were performed on the same instruments described 
earlier on Chapter 2. Diffused IR was performed on an Avatar-360 FTIR instrument 
(Thermo Nicolet, Madison, WI, USA). For these characterization experiments, the 
monolith was first synthesized in-situ in the capillary and was exposed to the washing 
and drying procedure. Then, the capillary was connected to an HPLC pump and 
ultrahigh pressure was applied. In this way, the silica monolith can be pushed out 
from the capillary. 
 
3.2.5 Oxidization of the hybrid silica monolith  
For oxidization, the hybrid monolith was flushed with H2O2 (30%, w/w) for 24 h at 
room temperature [215-217] and then washed with plenty of water until pH of the 
washing water near 6.5 to remove the excess H2O2.  
 
3.2.6 Sample preparation 
Stock solutions (1 mg/mL of each analyte) were prepared separately in methanol. 
Water samples were prepared by spiking ultrapure water with analytes at a known 
concentration (500 µg/L) to study extraction performance under different conditions. 
The urine sample was collected from a volunteer. It was first filtered through a 
membrane of 0.25-µm pore size. The filtrate was directly spiked with the four 
anaesthetics to give a final concentration of 500 µg/L and then the pH was adjusted to 
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3 with HCl.   
 
3.2.7 Application: in-tube microextraction process 
The oxidized hybrid monolith was directly used for in-tube microextraction. The 
experiment was carried out as follows: (1) Preconditioning. The monolith was initially 
flushed with methanol and water in that order for 3 min, respectively; (2) Sample 
loading. The sample solution (either pure water sample or urine sample) was then 
pumped through the capillary for a prescribed time (800 s) at a certain flow rate (1.5 
mL/h); (3) Washing. The monolith was washed with water for 3 min to remove any 
possible impurity; (4) Elution. The elution solution (0.25% ammonia solution with 
80% methanol) was pumped through the monolith at a specified flow rate (0.5 mL/h) 
for a prescribed time (600 s) and was collected into a 200 µL-capacity vial. The 
collected material in this step was used for the subsequent CE separation; (5) Washing. 
After extraction, the monolith was further rinsed using the elution solution for another 
3 min. For each extraction process, the above five steps were repeated.  
 
3.3 Results and discussion 
3.3.1 Optimization of synthetic conditions for the hybrid monolith 
The sol-gel synthesis of organic-silica hybrid materials mainly involves three steps, 
hydrolysis, condensation and polycondensation, which have been extensively 
documented [218, 219]. As far as this three-step process is concerned, TMOS is first 
hydrolysed to yield reactive silanol groups whilst hydrolysis of methoxy groups on 
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MPTS may also occur simultaneously. After the initial hydrolysis step, condensation 
reaction possibly takes place between methoxy-methoxy, silanol-silanol and 
methoxy-silanol groups, leading to the formation of siloxane chains. The further 
hydrolysis of the remaining alkoxy groups and polycondensation (or gelation) 
between chains gives rise to a three-dimensional, crosslinked solid network of 
siloxane (Si-O-Si). In fact, these three steps of hydrolysis, condensation and 
polycondensation cannot be totally isolated; they proceed in parallel rather than in 
sequence. Their relative rates determine the final structure of the wet silica gel [205].  
 











During the sol-gel process, the type of solvent, PEG content, reactant ratios, 

















Reaction Ⅰ 1.0 0.3 0.1 3.0 / 0.1 10 
Reaction Ⅱ 1.0 0.3 0.1 / 3.0 0.1 10 
Reaction Ⅲ 1.0 0.3 0.1 1.0 2.0 0.1 10 
Reaction Ⅳ 1.0 0.3 0.2 1.0 2.0 0.1 10 
Reaction Ⅴ 1.0 0.3 0.4 1.0 2.0 0.1 10 
Reaction Ⅵ 1.0 0.3 0.1 1.0 2.0 0.1 35 
Reaction Ⅶ 1.0 0.3 0.1 1.0 2.0 0.1 50 
Reaction Ⅷ 1.0 0.2 0.1 1.0 2.0 0.1 10 
Reaction Ⅸ 0.9 0.4 0.1 1.0 2.0 0.1 10 
Reaction Ⅹ 0.7 0.6 0.1 1.0 2.0 0.1 10 
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hydrolysis and condensation reactions, and thus determine the ultimate morphology 
and pore structures of the formed materials. Therefore, these parameters were 
carefully investigated in order to obtain satisfactory monolithic materials.  
 
3.3.1.1 The influence of solvent 
In a typical synthesis of pure silica monolith, water is usually the solo “solvent” used 
because it is a good solvent for reactants, affordable and nontoxic. However, to 
synthesize a hybrid material, a co-solvent is generally necessary to assist the 
dissolution or reaction of the reactants. Considering this, water, methanol and 
mixtures of them were evaluated in this experiment. When only water was utilized in 
the reaction (as in Table 3-1, Reaction Ⅰ), the reactants could not mix with each other 
even after a 20-h stirring. This is primarily due to the hydrophobic property of 
mercaptopropyl groups on the MPTS. On the other hand, when pure methanol was 
substituted for water (as in Table 3-1, Reaction Ⅱ), PEG was found to be precipitated 
at the bottom of the reaction vessel. In addition, due to the absence of water, the 
hydrolysis could not proceed satisfactorily, and the subsequent condensation and 
polycondensation were therefore inhibited. As a result, the reactants were unable to 
gel into a monolithic entity. To address the aforementioned problems associated with 
the single-solvent system, a mixture of water and methanol was used. In this case, the 
reactant system underwent transition from a white, milk-like (cloudy) mixture into a 
transparent, clear homogeneous phase during 30-min stirring. After being kept in-situ 
at 313 K for 20 h, the sol solidified into a white gel.  
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The methanol played dual roles in this sol-gel process. On the one hand, it assisted the 
dissolution of both TMOS and MPTS. On the other, it enhanced the reactivity of 
MPTS. When only pure water was used in the synthesis, MPTS could not be 
distributed into the reaction system effectively. Consequently, its contact with the 
catalyst and water was restricted, resulting in a slow hydrolysis rate. However, in the 
presence of methanol, the interaction of MPTS with the catalyst and water was 
enhanced. The reactant mixtures developed into a homogeneous phase very quickly 
while the hydrolysis and condensation also took place more easily, which was 
essential for the formation of a hierarchically-structured hybrid monolith. Based on 
the above considerations, a binary solvent system of methanol and water was adopted 
in the synthesis. Detailed studies demonstrated that the ratio of water to methanol of 
1:2 (v/v) was the most suitable (results not shown).  
 
3.3.1.2 The influence of amount of PEG  
Different amounts of PEG were added to the reaction system. Fig. 3-1 shows 
photographs of the obtained hybrid materials synthesized corresponding to Reaction 
Ⅲ to Reaction Ⅴ (see Table 3-1) respectively; in Fig. 3-1, the gels as shown had 
increasing amounts of PEG from left to right. Obviously, the final wet monolithic gel 
changed from opaque to transparent with increasing PEG content, indicating that PEG 
content is a major contributing factor to the structure of the final monolithic material. 
The detailed structures of the monoliths were characterized by SEM observations, as 
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shown in Fig. 3-1 (a’-c’). Fig. 3-1 (a’-c’) correspond to Fig. 3-1 (a-c), respectively. It 
can be observed in Fig. 3-1 (a’-c’) that as the PEG content increased, the macropores 
















As has been discussed in many publications, PEG serves a dual function in the sol-gel 
synthesis of monolithic materials, as a porogen and phase separation inducer [220, 
221]. It has been shown that the phase separation speed is inversely proportional to 
the PEG content [222]. As the PEG content increases, the phase separation speed 
Figure 3-1 Photographs and SEM images of hybrid silica monoliths with different 
PEG content: (a-a’) 0.1 g; (b-b’) 0.2 g; (c-c’) 0.4 g. 
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slows down, whilst the sol-gel transition speed remains unchanged. Therefore, 
gelation takes place in the initial step of phase separation step, leading to the 
formation of the fine silica skeleton and textural pores. From a macroscopic view, the 
product exhibited a transparent appearance. On the contrary, when the PEG content is 
decreased, phase separation proceeds much faster, resulting in an opaque appearance.  
 
3.3.1.3 The influence of gelation temperature 
In our experiment, the influence of gelation temperature on the structure of the hybrid 
monolith was also studied (Reaction Ⅲ, Ⅵ and Ⅶ in Table 3-1). Fig. 3-2 shows three 
monoliths synthesized at different temperatures with the same reactant ratio (the 
temperature increase is from left to right as depicted). It can be clearly seen that as the 
temperature increased, the monolith displayed a more transparent appearance. The 
phenomenon is also related to the relative speed of phase separation and sol-gel 
transition. Since the PEG content was kept the same in this case, the phase separation 
speeds were similar. However, the speed of sol-gel transition was different at different 
temperatures: the higher the temperature, the faster the sol-gel transition speed. At 
high temperature, fast gelation hampered the phase separation of the monolith. 
Therefore, the hybrid monolith was transparent. On the contrary, at low temperature, 
the phase separation proceeded more rapidly before the monolith was gelated, leading 














3.3.1.4 The influence of catalyst 
In monolithic synthesis, three methods are normally utilized, acid catalysis, basic 
catalysis and two-step (acid-base) catalysis. When an acid was used as a catalyst, the 
speed of hydrolysis was proportional to the acidity of the reaction system [223]. A 
high acidity would result in a higher rate of hydrolysis, which could be easily 
demonstrated by the phase change of the reactants, from being a cloudy mixture to a 
homogeneous phase in several minutes. However, in such a case, gelation did not 
occur within three days, probably because condensation is favoured by high pH. 
When pH was increased, the rate of hydrolysis became very slow and gelation took 
place even before the hydrolysis was accomplished. This led to the formation of a 
hybrid aggregate instead of a hybrid monolithic material.  
 
Figure 3-2 Photographs of hybrid silica monoliths synthesized at different 
temperatures (temperature increase is from left to right): (a) 10ºC; (b) 35ºC; (c) 
50ºC. 
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In addition to the use of an acid catalyst, two-step catalysis was evaluated. Firstly, 
concentrated HCl was utilized to hydrolyze the reactant mixture until it formed a 
homogeneous phase, and then ammonia was added to induce gelation. For a 
two-catalyst system, the time at which the second catalyst was added into the system, 
should be known exactly. Also, the individual concentration of these two catalysts 
should be optimized to avoid local precipitation. Compared to the one-catalyst system, 
this procedure was relatively tedious and was not easily controlled. 
 
Ammonia solutions at different pH values were also tested for the synthesis. The 
results showed that when the pH of ammonia solution was higher than 9.5, the 
reactants gelled within 30 s, i.e. too quickly for successful column preparation. 
However, when the pH of ammonia solution was lower (such as 8.0), the hydrolysis 
and condensation speeds were relatively slow. Detailed studies revealed that ammonia 
solution at a pH 9.0 was the most appropriate. Therefore, in our synthesis, ammonia at 
this pH value was adopted as the catalyst.  
  
3.3.1.5 The influence of reactant ratio (TMOS/MPTS) 
The ratio of silica precursor and the organic functional moiety may affect the 
morphology and porosity of the final materials, in addition to its analytical 
performance. Four monoliths were synthesized with different TMOS/MPTS volume 
ratios while keeping other experimental conditions constant (Reaction III, Reaction 
VIII –X in Table 3-1). With an increasing TMOS/MPTS volume ratio from 0.7:0.6 to 
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1:0.2, the mechanical strength of the hybrid material increased. Under the studied 
conditions, if the TMOS/MPTS ratio was below 1:0.3, the final hybrid monolith was 
very fragile. It collapsed gradually under the normal post-synthesis washing process, 
which indicated that the TMOS/MPTS ratio influenced the degree of crosslinkage of 
the hybrid material.  
 
From the molecular structure it can be found that TMOS has four reactive moieties 
and MPTS, three. Although the reactive groups on TMOS and MPTS are similar, they 
may show different reactivity. Probably because of the spatial steric effect of the 
mercapto groups on MPTS, the reaction between the alkoxy groups on MPTS with 
those on TMOS was more favorable than that between the alkoxy groups on MPTS 
themselves. Here, TMOS acted as a bridge reagent. If the content of TMOS was 
limited, the degree of crosslinkage of the hybrid monolith would be low, and naturally 
its mechanical strength would be restricted. Therefore, as the ratio of TMOS/MPTS 
decreased, the hybrid monolith could not withstand fluid flushing. Instead, the 
increase in TMOS could provide high crosslinkage, endowing high mechanical 
strength on the final hybrid monolith. Meanwhile, in order to fully exhibit the 
characteristics of the organic groups on the final monolith, a higher content of MPTS 
was preferred. Based on the above considerations, a compromise of 1:0.3 
(TMOS/MPTS, v/v) ratio was utilized herein.   
 
3.3.2 Characterization of the hybrid silica monolith 
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The as-synthesized hybrid silica monolith under the optimized conditions (Reaction 
III) was characterized by EA, IR, SEM and low-temperature nitrogen 
adsorption/desorption measurements. 
 
EA on the hybrid monolith demonstrated that its sulfur content was 3.05% (w/w), 
indicating that mercapto groups were successfully incorporated into the monolith 
during the sol-gel process. By theoretical calculation from the reactant ratio, the sulfur 
content should be around 8% (w/w) in the final product. Obviously, some of the 
MPTS had not taken part in the sol-gel process or they were not incorporated into the 
hybrid skeletons. Nevertheless, the sulfur content in the hybrid monolith was still 
satisfactory. A sulfur percentage of 3.05% indicated that the sulfur coverage was 0.95 
mM/g, far higher than that using traditional chemical bonding means [224, 225]. This 
high sulfur content ensures the further effective modification through reaction with 
the mercapto groups. Meanwhile, it suggests a high loading capacity for the 
subsequent microextraction application.   
 
Diffuse reflectance Fourier-transform IR measurement (Fig.3-3) of the final 
monolithic structure further confirmed the incorporation of mercapto groups. The 
spectrum shows a broad peak around 3440 cm−1 which may be attributed to O-H 
stretching bands from the hydrogen-bonded hydroxyl groups of the silica structure or 
possibly from the adsorbed water. Strong absorption in the 1085 cm−1 can be due to 
Si–O–Si stretching bands. Probably, the weak absorption observed at 1639 cm−1 and 
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Fig. 3-4 shows the SEM images of the hybrid silica monolith at 200x magnification. It 
is the overall and longitudinal image of the monolith. Apparently, the hybrid monolith 
was characterized by high porosity with hierarchical porous structure. A 
cross-sectional SEM image of the as-synthesized hybrid monolith is presented in Fig. 
3-1 (a’). It can be seen from Fig. 3-1 (a’) that the hybrid monolith consists of granular 
skeletons and structural pores (or macropores). From the SEM image, the macropore 
size was estimated to range from 9 µm to 20 µm. The skeletons and the structure 
pores were evenly distributed in the monolith. At the same time, they were interwoven 
together, leading to the formation of an interpenetrating network. The high porosity 





















Figure 3-3 IR spectroscopy of the final hybrid silica monolith. 
  79
and network of these pores imply high permeability and favorable mass transfer in 












Isotherms of nitrogen adsorption/desorption and pore size distribution are described in 
Fig. 3-5. It can be observed from Fig. 3-5 that the adsorption and desorption branch of 
the isotherm forms a hysteresis loop at relative high pressures, demonstrating 
mesopores or macropores are predominant in the monolith. No significant adsorption 
uptake at pressures below 0.05 P0 (saturation pressure) further indicates that the 

















The pore size distribution calculated from the desorption branch of the isotherms 
based on the BJH model, as shown in the inset of Fig. 3-5, gave a narrow peak 
centered at 12.6 nm, suggesting that there are uniform mesopores in the silica 
monolith. The BET specific surface area and the total pore volume were calculated to 
be 467 m2/g and 1.3 cm3/g, respectively [208, 227]. 
 
3.3.3 Optimization of in-tube microextraction 
    As described in Chapter 1, in-tube SPME based on monolithic materials can 
overcome the shortcomings associated with either coatings on a capillary/tubing wall 
or particle packed columns [13-21]. Preliminary work introduced with the application 
of monolithic materials for in-tube microextraction was reported by Shintani et al in 
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Figure 3-5 The nitrogen adsorption/desorption isotherms of the hybrid monolith; Inset: 
Pore size distribution calculated from the desorption branch of the isotherm. Ps: 
sample pressure; P0: saturation pressure. 
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2003 [14]. From then on, monolithic materials with different functional groups have 
been developed for different applications according to this model of microextraction 
[15-21]. 
 
Sulfonic acid-containing materials have been extensively used for cation-exchange 
purification, concentration and separation purposes. As sulfonic acid is a strong acid 
with pKa equal to 0.699, which indicates that sulfonic acid groups can be ionized in a 
wide pH range (>2). Therefore, materials containing sulfonic acid groups are 
especially efficient for the extraction of basic analytes containing nitrogen that is 
difficult to be extracted by traditional SPME sorbents. In this study, the anaesthetics, 
procaine, lidocaine, tetracaine and bupicaine, were used as model analytes to study 
the hybrid silica monolith containing sulfonic acid groups, for in-tube SPME. 
 
Through a series of careful studies on the extraction time, loading flow rate, sample 
pH and elution conditions (elution solvents and elution time), efficient extraction 
performance of the analytes with the new monolithic material in-tube microextraction 
could be achieved by loading the sample solution for 800 s at a flow rate of 1.5 mL/h 
and elution of analytes by 0.25% ammonia solution (80% methanol) at a flow rate of 




The reproducibility of the CE peak areas was studied for four replicate experiments for 
an aqueous sample containing 500 µg/L of the four aneasthetics. The RSDs were 2.5, 
4.6, 5.1 and 7.8 % for procaine, lidocaine, tetracaine and bupicaine respectively. The 
linearity was investigated over a concentration range of 0.1 and 10 µg/mL. The tested 
four analytes exhibited good linearity with good squared regression coefficients, 
ranging from 0.9986 to 0.9998. LODs, calculated at S/N=3, were as low as 36.7, 35.6, 
6.6 and 18.1 µg/L for procaine, lidocaine, tetracaine and bupicaine respectively, under 
the optimized extraction and elution conditions.  
 
3.3.5 Application  
The electropherograms of an extraction of ultrapure water spiked with analytes, and 
that of human urine spiked with analytes are compared in Fig. 3-6. Clearly, after 
extraction by the monolith, stronger analytical signals are observed and some 
impurities have been removed. The relative recovery (defined as the ratios of CE peak 
areas of the respective spiked urine sample extracts to spiked ultrapure water extracts) 
were 99.5, 99.6, 93.8 and 92.3% for procaine, lidocaine, tetracaine and bupicaine 





















3.4 Conclusions  
An organic-silica hybrid monolith containing mercapto groups has been successfully 
prepared by sol-gel technology through careful investigations of the solvent category, 
PEG content, reactant ratios (TMOS/MPTS), temperature and catalysts. The resulting 
hybrid monolith showed bimodal porous structures with high sulfur content (3.05%) 
and large specific surface area (467 m2/g). Due to the high reactivity, mercapto goups 
can be favorably modified further to afford various functionalities. For example, in 
this case, they are conveniently oxidized by hydrogen peroxide to produce sulfonic 



















Figure 3-6 (a) Electropherogram of water sample spiked with 500 µg/L anaesthetics 
after extraction by the hybrid silica monolith; (b) Electropherogram of human urine 
sample spiked with 500 µg/L anaesthestics after extraction by the hybrid silica 
monolith. Peak identification: 1) procaine; 2) tetracaine; 3) lidocaine; 4) bupicaine. 
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acid groups, implying huge potential for ion-exchange extraction applicability. Hence, 
the monolithic material is employed for in-tube microextraction, considering four 
anaesthetics as model compounds. Through studies on the extraction parameters, such 
as loading solution, loading time, elution solution and elution time, optimized 
extraction performance was accomplished by loading the sample solution for 800 s at 
a flow rate of 1.5 mL/h and eluting by 0.25% ammonia solution (80% methanol) at a 
flow rate of 0.5 mL/h for 600 s. The procedure was successfully applied to spiked 
human urine sample for anaesthetics extraction and concentration. The LODs 
achieved were between 6.6 and 36.7 µg/L. In addition to its application for 
microextraction, the monolithic material can be considered as a CEC stationary phase, 
or for catalytic applications. Besides, other derivatization approaches of mercapto 












Chapter 4. Novel Approach to Microwave-Assisted Extraction and 
Micro-Solid-Phase Extraction from Soil Using Graphite Fibers as Sorbent 
 
4.1 Introduction 
Microwave-assisted extraction (MAE) has attracted strong interest in the sample 
preparation field, especially for solid or semi-solid environmental matrices, owing to 
its efficiency, and time-saving and solvent-saving advantages. Camel has written a 
detailed review about its theory and applications in environmental samples in 2000 
[228]. More recently, Srogi also presented a comprehensive review about its 
applications in environmental analysis [229]. 
 
Generally, further concentration and/or cleanup is required after MAE, particularly of 
“dirty” samples, to maximize analyte recoveries and minimize interferences. Different 
approaches have been employed to clean up and further concentrate the extracts, such 
as SPE or SPME [230-234], saponification [235-237], gel permeation 
chromatography [235, 238, 239], LLE or LPME [240, 241]. These follow the MAE 
process as a separate step. There are few reports about the combination of MAE with 
the subsequent cleanup procedure in one step. Hitherto, only such a combination, that 
of involving MAE-headspace-SPME, has been realized by modifying the microwave 
oven device [242-244]. In this configuration, the sample extracted by microwave is 
placed in the microwave oven, while the headspace-SPME takes place in a condenser 
outside the oven through a connection between the sample and the condenser.  
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SPME is currently a popular method to clean up and concentrate the extract from 
microwave irradiation. In addition, various sorbents for the procedure are available 
commercially or may be prepared in house, affording a reasonable range of high 
selectivity and sensitivity.  
 
The introduction and creation of novel phases for SPME is an essential part of the 
development of this technology. Carbon materials have recently been attracting 
growing interest due to their excellent adsorption properties. For example, activated 
carbon fibers have been investigated for SPME applications instead of the 
conventional coated silica ones, for the enrichment of organochlorine pesticides 
[245-247], benzyl chloride [248] and chlorohydrocarbons [249]. Another kind of 
activated carbon fiber, Toyobo-KF, has also been evaluated for the extraction of DDT 
in animal fat [250]. All the above reports demonstrated that carbon fiber is more 
effective than the conventional granular activated carbon, due to the special surface 
structure and excellent adsorption properties of the former. A carbon-coated fiber was 
also described for the SPME of BTEX [251]. 
 
It is known that the characteristic structures and electronic properties of carbon 
nanotubes allow them to interact effectively with organic molecules. The surface, 
made up of hexagonal arrays of carbon atoms in graphene sheets, interacts strongly 
with the benzene ring of aromatic compounds [252, 253]. Hence, they have shown to 
be an effective sorbent in extraction [72]. As introduced earlier, Basheer et al [43] 
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reported the first instance of µ-SPE that used MWCNTs as sorbent, applied for the 
enrichment of organophosphorus pesticides. This µ-SPE method was based on the 
packing of the MWCNTs in a sealed porous polypropylene membrane envelope (2 cm 
× 1.5 cm). Since the porous membrane afforded protection of the MWCNTs and 
prevented extraction of extraneous materials, no further cleanup of the extract was 
required. The consumption of solvent in the extraction was much less compared to 
conventional SPE. µ-SPE was demonstrated to be able to address some disadvantages 
of SPME effectively, including fiber fragility, cost, and problems with analyte 
carryover, etc. [43]. Very recently, the same authors developed this µ-SPE device 
containing C18 sorbent to extract acidic drugs from wastewater [44]. 
 
In this chapter, the designation of the use of graphite fiber as a sorbent for µ-SPE for 
the first time was studied. The procedure involved the simultaneous MAE and µ-SPE 
of PAHs as model compounds, from solid samples. To our knowledge, so far, MAE 
has not been reported for the extraction of analytes from solid samples with 
simultaneous cleanup and concentration by µ-SPE. No additional cleanup process is 
needed, because of the protection, as mentioned above, offered by the porous 
membrane of the µ-SPE device. After optimization of the microextraction conditions, 
the established method was applied to real sediment samples. The results were also 
compared to sonication-assisted extraction (SAE) and conventional extraction using a 
stirring bar in conjunction with µ-SPE using the same sorbent. Moreover, normal 
granular activated carbon material was also used in the µ-SPE device for comparison 
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with the performance of graphite fibers. 
 
4.2 Experimental 
4.2.1 Chemicals and reagents 
The PAHs, fluorene, phenanthrene, anthracene, fluoranthene and pyrene, were 
purchased from Supelco (Bellefonte, PA, USA). Graphite fibers were obtained from 
Johnson-Matthey Materials Technology (Billingham, UK). Other chemicals and 
reagents used in this chapter were the same as those described in Chapter 2 and 3. 
 
4.2.2 GC-FID and GC-MS analysis 
GC-FID analysis was performed on a Hewlett-Packard (Palo Alto, CA, USA) series 
6890 instrument. A ZB-1 column (30 m × 0.25 mm I.D., 0.25 µm film thickness) from 
Phenomenex (Torrance, CA, USA) was used for separations. Helium was used as 
carrier gas at a flow rate of 1.8 mL/min. The GC conditions were as follows: initial 
oven temperature 80ºC for 2 min, increased to 300ºC at the rate of 10ºC/min, then 
held at 300ºC for 2 min. The injector temperature was 280ºC. All injections were in 
splitless mode and made in triplicate. 
 
GC-MS analysis was carried out using a Shimadzu (Tokyo, Japan) QP2010 GC-MS 
system equipped with a Shimadzu AOC-20i auto sampler and a DB-5 fused silica 
capillary column (30 m × 0.25 mm I.D., film thickness 0.25 µm) (J&W Scientific, 
Folsom, CA, USA). All the injection and temperature program conditions were the 
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same as for the GC-FID analysis. All standards and samples were analyzed in 
selective ion monitoring (SIM) mode at least in triplicate. 
 
4.2.3 SEM 
The SEM experiment was the same as that described in Chapter 2. 
 
4.2.4 Sample preparation 
Stock solutions (0.2 mg/mL of each analyte) were prepared separately in methanol. 
Soil samples (previously checked to be PAH-free) were mixed with acetone until the 
soil was covered by the solvent. Appropriate volumes of the stock solutions were 
added to the above slurry to give the desired analyte concentration. In this experiment, 
5 µg/g was used to study extraction performance under different conditions followed 
by GC-FID, unless stated otherwise. The prepared soil samples were dried at room 
temperature and then stored in the refrigerator until analysis. Soil samples were 
collected from several locations in Singapore. 
 
4.2.5 MAE 
Briefly, 10 mg of graphite fibers was weighed and put into the polypropylene 
membrane envelope (1 cm length × 0.5 cm width), whose edges were heat-sealed as 
previously described [43]. These graphite fiber µ-SPE devices were preconditioned 
and cleaned by methanol for 10 min before use. 
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MAE was carried out using a CEM (Matthews, NC, USA) MES-1000 microwave 
extraction system equipped with a solvent detector. Approximately 1.0 g of the soil 
sample was accurately weighed and quantitatively transferred to a Teflon-lined 
extraction vessel. 10 mL of water and the µ-SPE device were then added to the 
sample. Closed-vessel MAE was performed under controlled temperature for a 
specified time. Two minutes were allowed for the temperature to be ramped up from 
room temperature to the desired level. When the irradiation period was completed, 10 
min was allowed for the extraction vessel to cool down to room temperature. 
 
In comparative experiments, µ-SPE devices with granular activated carbon were also 
prepared in the same way and used similarily. 
 
4.2.6 Sonication-assisted desorption 
After extraction, the µ-SPE device was removed, rinsed in ultrapure water, dried with 
lint-free tissue, and placed in a 200-µL vial. Analyte desorption or elution was carried 
out by sonication for a prescribed time using 150 µL of acetonitrile. This final extract 
was directly used for analysis (GC injection volume: 1 µL). 
 
4.2.7 Sonication-assisted extraction (SAE) and agitation-assisted extraction (AAE) 
SAE was carried out using a sonicator (Midmark, Versailles, OH, USA) for 20 min 
followed by the sonication-assisted elution for 5 min in 150 µL of acetonitrile. AAE 
was performed by a magnetic stirrer with a stirring bar at 104.7 rad s-1 for 20 min. 
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4.3 Results and discussion 
4.3.1 Properties of a graphite fiber 
Carbonaceous materials, especially activated carbon, have been widely employed as 
sorbents because of their excellent adsorption capacity. It is therefore important and 
interesting to develop similar materials with suitable properties to fully exploit their 
adsorption capability. The proportion of graphite in a carbon fiber can range from 0 to 
100%. Carbon fibers refer to those fibers that are at least 92% by weight of carbon in 
composition. The fiber is called a graphite fiber due to the presence of high proportion 
of graphite. The carbon fibers employed here contain 99.5% by weight of carbon. The 
cylindrical shape of the fiber allows analytes to be adsorbed faster, thus accelerating 
the adsorption (and desorption) processes [254] because of the high surface area. 
Besides, these fibers are economical to procure, and, based on our experience, were 









 Figure 4-1 SEM of a single graphite fiber. 
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Fig. 4-1 shows the SEM image of a graphite fiber at 1000x magnification. The smooth 
surface is clearly observed. The dimension of each fiber is 6.4 mm (length) × 8 µm 
(diameter). 
 
4.3.2 Optimization of MAE-µ-SPE 
MAE is an extraction technique which uses polar solvents to extract target compounds 
primarily from solid or semi-solid matrices. Although organic solvents are normally 
used, water is regarded as a more satisfactory “solvent” because of its high polarity 
and has been applied to MAE in some cases [230, 231, 242-244]. Another benefit is 
that water is nontoxic and more environmentally acceptable than organic solvents, 
thus eliminating undesirable exposure to operators. In this study, water was used to 
extract the PAHs from soil samples, whilst at the same time, it acted as the sample 
media for µ-SPE. The minimum water volume required by the microwave instrument 
was 10 mL and using this volume of water also ensured that soil samples were 
completely immersed in the extraction vial used.  
 
Hexane, methanol and acetonitrile were investigated as elution solvents for the µ-SPE 
device after extraction. Under the same extraction and elution conditions, acetonitrile 















Temperature is of prime importance in ensuring efficient MAE, as elevated values 
usually enhance the extraction, as a result of an increased diffusivity of the solvent 
into the interior of the matrix under high temperatures, as well as an enhanced 
desorption of the components from the active sites of the matrix [228]. Fig. 4-2 shows 
the influence of temperature on the extraction efficiency. For all the target analytes, 
analytical signals increased from 35 to 50°C and then decreased with further increase 
of the temperature. The reason for this observation may be ascribed to the evaporation 
of solutes as the temperature was raised beyond 50°C. Ideally, mass transfer 
associated with this process is from the soil to the aqueous phase, then to the graphite 
fibers. However, because of their semi-volatile properties, the analytes are in some 
degree distributed into the headspace of the extraction vessels under high temperature, 
Figure 4-2 Influence of heating temperature on MAE efficiency. 






















leading to the loss of availability of these compounds to the graphite fibers. Another 
factor may lie in the fact that the adsorption process is exothermic. With the 
increasing temperature, an enhanced desorption of the components from the sorbent 
may also occur. Consequently, the extraction efficiency decreased with the increase of 
the temperature above 50°C. On the other hand, analyte diffusivity and release from 
the matrix materials was inefficient below a threshold temperature [255] (that is why 
heating was necessary for extraction in the first place). Thus, a temperature of 50°C, 
based on our observation (Fig. 4-2), appeared to be the most satisfactory compromise 
amongst the conflicting effects.  
 
Fig. 4-3 describes the effect of heating time duration on the extraction efficiency. All 
the model analytes exhibited the highest analytical signals at 20-min heating time. 
This result can be explained by the same reason offered above for the influence of 
temperature. Due to the increase of the heating time duration, the probability of the 
semi-volatile compounds being released to the headspace is enhanced, thus making 
them unavailable for extraction. As a result, there is reduced extraction by the graphite 
fibers. Thus, it is reasonable to surmise that longer heating times lead to a decrease in 
extraction efficiency as far as MAE-µ-SPE is concerned. In subsequent experiments, 

















The effect of the duration of elution time with sonication was also investigated from 5 
to 30 min, as shown in Fig. 4-4. It can be observed that almost all the analytes showed 
similar intensities of chromatographic signals under different elution time durations 
from 5 to 20 min. An elution time of 30 min leads to only slightly decreased 
chromatographic signals. These results demonstrated that elution time duration has 
little effect on the elution efficiency. On the basis of the foregoing, 5 min was 









































Based on the above discussion, optimum heating time was 20 min at 50°C, followed 
by sonication-assisted analyte elution in 150 µL of acetonitrile for 5 min. All the 
following experiments were carried out under these optimized conditions. 
 
4.3.3 Comparison 
MAE was compared with both SAE and AAE. From Fig. 4-5, it can be clearly seen 
that for all the tested analytes, MAE showed higher chromatographic signals among 
three methods with the same graphite fibers as sorbent. A comparison in the use of 






















Figure 4-4 Time profile of elution of PAHs. 
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different carbon materials, graphite fiber and granular activated carbon, was also 
investigated. From Fig. 4-5, it is seen that carbon fibers exhibited higher extraction 
efficiency than granular activated carbon. Even under MAE, activated carbon 
exhibited lower extraction efficiency than carbon fibers by SAE and AAE. This 
indicated that graphite fiber is a very good material for highly efficient extraction of 




































Figure 4-5 Comparison of different methods and materials. GF=graphite fiber; AC 
=activated carbon. 
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Many extraction methods have been developed for PAHs in contaminated soils. For 
example, the United States Environmental Protection Agency (USEPA) has a method 
making use of microwave extraction from sediment, Method 3546 [256]. For aqueous 
samples, USEPA Method 3535A for SPE is available [257]. The present method 
proposed here combines MAE and µ-SPE in which cleanup and concentration can be 
achieved in a single step, avoiding tedious additional sample purification/cleanup 
procedures. It can be considered to be a green method, because of the use of water as 
the MAE extractant “solvent”. Additionally, the operation is simple, time-saving and 
the required equipment is generally affordable. Seeing that the µ-SPE itself is 
involved in extraction from a liquid matrix, it is reasonable to believe that it can be 
effectively used directly for aqueous samples, apart from soil samples. 
 
MAE has been widely used for the extraction of PAHs, from soil samples, including 
those that are of higher molecular weights than the ones considered in the present 
work. It is therefore reasonable to assume that when the analytes are released into the 
slurry by MAE, extraction by µ-SPE should be expected to proceed as efficiently as 
has been demonstrated here for the lower molecular weight compounds, given the 
affinity of the graphite fibers for aromatic compounds.  
 
4.3.4 Method evaluation 
All the tested PAHs exhibited good linearity with good squared regression coefficients, 
as illustrated in Table 4-1. As far as GC-FID was concerned, the linearity range was 
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wide, from 0.1 to 50 µg/g for fluorene, phenanthrene and anthracene, and from 0.1 to 
100 µg/g for fluoranthene and pyrene with regression coefficients greater than 0.9910 
or above. Reproducibility was assessed by a series of five independent experiments 
carried out on different days using the spiked soil samples. The RSDs for the five 
tested PAHs were lower than 10.1%. LODs (calculated based on peak height and at a 
signal-to-noise ratio of 3) were between 2.2 and 3.6 ng/g. These results are 
comparable to previous reported values obtained by GC-MS [255, 258], in which 
PAHs were extracted by dynamic LPME and microwave-assisted solvent extraction. 
When GC-MS-SIM, instead of GC-FID, was used, LODs were 0.0017, 0.0024, 0.003, 
0.0045 and 0.0057 ng/g for phenanthrene, anthracene, fluorene, pyrene and 
fluoranthene, respectively. These values are three orders of magnitude better than 
those obtained by GC-FID, as could be expected. The linearity ranged from 1 to 500 
ng/g (fluorene, phenanthrene and anthracene) and 1 to 1000 ng/g (fluoranthene and 
pyrene).  
 
It is stated in USEPA Method 3546 [256] that this procedure has been validated for 
solid matrices containing 50-10,000 ng/g of semi-volatile organic compounds (to 
which PAHs belong), indicating that the present MAE-µ-SPE method has much lower 
LODs. 
 
There have been some other recent studies on the extraction and determination of 
PAHs in soil samples. In an MAE method combined with microextraction (headspace 
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SPME) [242] for landfill leachates, the LODs obtained for those PAHs that were 
common with the present work ranged from 0.25 to 1.5 ng/g. The other studies 
mentioned here are not based on microextraction. Villar et al extracted PAHs from 
sewage sludge using MAE followed by purification by a silica column, and reported 
the LODs to be between 5~12 ng/g by HPLC-fluorescence detection [259]. Wang et al 
made a systematic comparison among Soxhlet extraction, MAE and accelerated 
solvent extraction of PAHs from soils with GC-MS detection, and these three methods 
gave LODs in the range of 0.29 and 0.67 ng/g [260]. A study on the MAE of PAHs in 
marine sediments followed by cleanup by an alumina column provided LODs of 
between 0.03~0.45 ng/g [261]. In comparison, the present MAE-µ-SPE method gave 
much lower LODs (0.0017~0.0057 ng/g). 
 
 

















Fluorene 0.1-50 0.9995 3.4 4.1 1-500 0.9962 0.003 7.7 
Phenanthrene 0.1-50 0.9999 2.2 5.5 1-500 0.9897 0.0017 5.2 
Anthracene 0.1-50 0.9973 2.3 10.1 1-500 0.9910 0.0024 4.9 
Fluoranthene 0.1-100 0.9999 3.6 4.2 1-1000 0.9912 0.0057 9.7 
Pyrene 0.1-100 0.9996 2.9 8.1 1-1000 0.9932 0.0045 10.2 
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Table 4-2 Level of PAHs (µg/g) in Singapore coastal sediment samples extracted with 
MAE-µ-SPE using graphite fibres as sorbent with analysis by GC-FID or GC-MS 
 
 
                            Location PAH 
Sample 1* Sample 2 Sample 3 Sample 4* 
Fluorene 7.39 0.24 0.15 3.65 
Phenanthrene 8.97 0.20 0.10 3.66 
Anthracene 14.6 0.30 0.15 3.51 
Fluoranthene 12.6 0.42 0.19 1.77 
Pyrene 15.0 0.63 0.13 1.53 
 
* Determination from the calibration plots based on GC-FID. 
 All the others were determined from the calibration plots based on GC-MS. 
 
4.3.5 Applications 
Four different soil samples (river and marine sediments), collected from local sites, 
were analyzed using the developed extraction method with GC-FID or GC-MS 
analysis. The results are shown in Table 4-2. As expected, since PAHs are ubiquitous, 
all the sediments were contaminated with PAHs. The individual concentrations of 
PAHs ranged from 0.10 to 15.0 µg/g, similar to the levels of contamination of soil by 
PAHs elsewhere [259, 262, 263]. In addition, the results demonstrated that the 
MAE-µ-SPE approach is feasible for application to genuine environmental solid 
sample analysis.  
 
4.4 Conclusions 
In this study, graphite fiber was investigated as a novel sorbent for micro-solid-phase 
extraction (µ-SPE). When combined with microwave-assisted extraction (MAE), this 
new material exhibited excellent extraction capability for PAH compounds directly 
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from soil samples. Water was shown to be a good extractive medium for MAE. 
Cleanup and concentration could be accomplished in a single step, avoiding extra 
tedious procedures normally associated with post-treatment processing after MAE (as 
required by most of the USEPA methods). Satisfactorily low LODs from 2.2 to 3.6 
ng/g and good reproducibility (RSD< 10.1%) could be obtained when MAE-µ-SPE 
was coupled with GC-FID. When GC-MS was used, lower LODs, ranging from 
0.0017 to 0.0057 ng/g, were achieved. MAE-µ-SPE was demonstrated to be a fast and 















Chapter 5. Solvent-Bar Microextraction of Herbicides Combined with 
Non-Aqueous Field-Amplified Sample Injection Capillary Electrophoresis 
5.1 Introduction 
CE is a popular separation technique for charged molecules. However, because of the 
short detection optical length and low sample loading, it has some limitations in terms 
of sensitivity, which restricts its use for a wider range of applications. Much effort has 
been devoted to address this problem. Sample pretreatment and/or online 
preconcentration are approaches to increase the sensitivity of CE [264, 265].  
 
Since low volume sample (normally nanoliter) is injected in CE, LPME seems 
suitable to be a sample pretreatment method prior to CE due to its low volume 
acceptor phase. However, considering the compatibility of the extract and the CE 
separation system, most work is focused on three-phase LPME [140, 266-271], rather 
than two-phase (water-to-organic) LPME since in the latter, the extract is organic and 
is therefore not suitable for direct CE analysis.  
 
Two-phase liquid-liquid semi-microextraction has also been attempted prior to CE. 
Zhan et al [272] reported a strategy to couple it with CE based on a newly introduced 
water-insoluble sample matrix, ethyl acetate, which can be quickly decomposed 
on-column by catalysis using a strong base to ethanol and acetic acid. However, it is 
not a true miniaturized extraction method.  
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Headspace SDME using an aqueous drop as an acceptor phase, integrated with CE 
separation, has been reported [149, 273]. However, this procedure is only applicable 
to volatile ionic analytes. There is still a need to develop suitable miniaturized sample 
pretreatment methodologies before CE separation, to extract and concentrate target 
analytes and improve sensitivity. 
 
In addition to the above sample pretreatment methods (mainly in off-line format), 
emphasis has been placed on online preconcentration methods, especially on 
electrophoretic strategies because of their easy operation and satisfactory enrichment. 
These techniques include field-amplified sample stacking [274], transient 
isotachophoresis [275], sweeping [276] and dynamic pH junction [277], among others.  
 
Compared to traditional aqueous CE, NACE has several advantages, such as 
reduction in Joule heating effect, decrease in wall adsorption effects and improvement 
of selectivity. Besides, it is especially beneficial for the separation of hydrophobic 
compounds that are not easily dissolved in water. NACE is complementary to aqueous 
CE and has attracted considerable attention recently [278-280]. However, some 
problems associated with organic solvents occur in this type of electrophoresis. For 
example, most organic solvents have stronger UV absorption than water, leading to 
higher UV background noise in NACE than that in aqueous CE. Consequently, 
sensitivity may be compromised; this limits the applicability of NACE. Although 
other sensitive detection techniques can be coupled to it, e.g. MS, and NACE has also 
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been demonstrated to be suitable for MS detection because of the compatibility of a 
non-aqueous system with MS, there is still the difficulty of integration and high 
expense to contend with. It is therefore important to develop sample pretreatment 
and/or preconcentration methods to increase sensitivity in organic media. Online 
preconcentration strategies have been developed to address the problem. However, 
due to the very low conductivity of non-aqueous media, a simple or direct high field 
injection method cannot be satisfactorily used for this purpose [281]. Hitherto, there 
are few reports on online preconcentration techniques in NACE [282-287]. 
 
Large-volume sample stacking injection using the electroosmotic flow (EOF) pump 
has been employed to stack trace amounts of negatively charged species [282-285], 
such as phenolic compounds and aromatic sulfonates. The sample in a low 
conductivity solvent is injected under negative voltage, while the EOF acts as a pump 
to remove the sample matrix. In this case, the LODs of the studied analytes can reach 
µg/L levels. Tsai et al [286, 287] designed “ultrahigh conductivity zone” and “low 
temperature bath” systems to obtain large volume sample injection in NACE. The 
former system achieved online stacking by insertion of an “ultrahigh conductivity 
zone” between the sample zone and background solution. Due to the sudden increase 
in conductivity, the analytes would accumulate within a particular segment of the 
capillary. The low temperature bath procedure was also based on a similar principle 
but it was achieved by lowering the temperature to obtain high conductivity. By this 
means, for the model compound, 3,4-methylenedioxymethamphetamine, enhancement 
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could reach several hundred-fold. Additionally, transient isotachophoresis [281] has 
also been used in NACE to improve LODs and to reverse the deleterious effects of 
salts in the sample.  
 
In the present work, we combine offline sample pretreatment and online 
preconcentration stacking methods to enhance NACE sensitivity, using several 
commonly-used herbicides as test analytes. Several novelties relating to this approach 
include the followings: 
(1) NACE could separate the model phenoxy acid herbicides without additives in the 
buffer, just by changing the organic solvents and electrolytes; 
(2) SBME that has previously been shown to be an effective LPME procedure [170] 
was for the first time employed as the sample preparation method prior to CE 
analysis; 
(3) Field-amplified sample injection and pre-introduced organic solvent plug removal 
with the EOF as a pump (FAEP) was effected for NACE as on-line preconcentration 
method; 
(4) The two-phase LPME approach (SBME) was directly combined with NACE. The 




5.2.1 Reagents and materials 
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Sodium hydroxide, 1-octanol, acetic acid and ammonium acetate were purchased 
from Merck (Darmstadt, Germany). 2,4-Dichlorophenoxy acetic acid (2, 4-D) and 
2,4-dichlorobenzoic acid (2,4-DCBA) were supplied by Fluka (Buchs, Switzerland); 
4-amino-3,5,6-trichloropicolinic acid (Picloram), 3,5-dichlorobenzoic acid 
(3,5-DCBA) and 2-(2,4,5-trichlorophenoxy)propionic acid (Fenoprop) were 
purchased from Aldrich (Milwaukee, WI, USA); 2-(2,4-dichlorophenoxy)propionic 
acid (Dichlorprop) was obtained from TCI (Tokyo, Japan). All the other chemicals 
and reagents used in this work were the same as those described earlier in previous 
chapters. 
 
All of the standards were prepared in methanol separately as 1000 µg/mL stock 
solutions and then diluted to give working solutions at different concentrations. All 
the analytes were diluted with methanol to 20 µg/mL for experiments relating to the 
optimization of separation conditions, 100 ng/mL with methanol for experiments to 
determine the stacking conditions and 50 ng/mL with ultrapure water for SBME 
optimization, unless otherwise stated. Water sample was collected from a local river. 
 
5.2.2 Instrumental 
The CE instrument, the capillary and the pH meter were the same as described in 
Chapter 3. A 51-cm-long, 50-µm-i.d. bare fused-silica capillary having a detector 
window at 42.3 cm from the inlet, was used for separation. Before use, each capillary 
was pretreated with 1 M sodium hydroxide for 2 h, water for 10 min, 1 M 
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hydrochloric acid for 2 h and then water and methanol for 10 min in that order. Before 
use, the above pretreated capillary was flushed with the solution buffer for 30 min. 
Wavelengths in the range of 190-400 nm were scanned for the detection of herbicides 
and 240 nm was chosen for the subsequent detection.  
 
5.2.3 Online Preconcentration procedure  
FAEP was carried out as follows. Pure organic solvents/or mixture of organic solvents 
were first hydrodynamically injected into the capillary at a constant pressure (e.g. 5 
kPa) for different durations. A high electric field at the injection point was established 
because of the lower conductivity of the solvent phase than that of the separation 
buffer. Following this, the inlet of the capillary was placed in the sample reservoir. 
Electrokinetic injection (-10 kV) was used to introduce a large volume of the sample 
(in methanol) into the capillary over different durations. In this step, the anions 
experienced a field-amplified enrichment and concentrated at the boundary between 
the pre-introduced organic solvent plug and the background buffer. Meantime, the 
EOF pump removed most of the pre-introduced organic solvent plug and sample 
matrix (methanol) out of the capillary, due to the oppositely moving direction of the 
EOF and the analytes. The voltage was then turned off and the inlet end of the 
capillary was returned to the buffer reservoir. Finally, a negative voltage (-30 kV) was 
applied for the separation. 
 
Fresh analyte samples and running buffer were used for each injection. After each run, 
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the capillary was flushed with buffer for 3 min. 
 
5.2.4 Microextraction procedure 
Extraction was carried out according to a previous work by Jiang and Lee [170]. 
Briefly, the hollow fiber membrane was cut manually and carefully into 2.0-cm 
lengths. The segments were ultrasonically cleaned in acetone and dried in air before 
use. One end of the membrane was heat-sealed (with a conventional plastic bag seeing 
device). A 10-µL aliquot of 1-octanol was withdrawn into the microsyringe with a 
cone needle tip. The needle tip was inserted into the open end of the hollow fiber 
membrane and the organic solvent was infused into the fiber channel. The fiber was 
then immersed in the organic solvent for 20 s for impregnation of the porous wall. 
After impregnation, the membrane was carefully removed from the needle, and its 
open end was heat-sealed. The “solvent bar” was then placed in the sample solution 
for extraction. After extraction for a prescribed time under different stirring speeds, 
the solvent bar was taken out and one end of the fiber was trimmed off. The 
analyte-enriched solvent was withdrawn into the syringe. Finally, the extract was 
diluted with methanol (2x) (see below for an explanation of this), transferred to the 
sample vial and directly introduced into the CE system for analysis.  
 
5.3 Results and discussion 
5.3.1 Optimization of NACE separation conditions 
To achieve baseline separation of various herbicides, different approaches in CE have 
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been employed, such as surfactant-mediated MEKC [288], cyclodextrin-mediated 
MEKC [289], and buffer pH manipulation [290]. Compared to aqueous CE, an 
advantage of NACE is the improvement in selectivity [291]. The difference between 
two closely-related structures is normally larger than that in aqueous media. In 
addition, in NACE, selectivity and resolution can be controlled simply by changing 
organic solvents or varying the composition of a mixture of organic solvents [279, 
280]. Hence, the choice of buffer is virtually unlimited because of the availability of a 
variety of organic solvents.  
 
Methanol and acetonitrile were the solvents investigated in this work. They are the 
most commonly-used solvents in NACE. Additionally, they have good miscibility 
with other solvents, which enables NACE utilizing them to be compatible with 
various sample pretreatment methods.  
 
Generally, it is difficult to separate strong acids on a bare fused-silica capillary, 
because the direction of the EOF and that of the electrophoretic mobilities of the 
analytes are normally opposite to each other; the magnitude of EOF is larger than 
those of acids. Thus, acids cannot migrate through the capillary detection window. 
However, at certain low pH values, acids can still be ionized to some degree while the 
EOF is suppressed. As a result, the analytes have sufficient electrophoretic mobilities 
to overcome the EOF. Separations can be therefore realized in the counter-EOF mode 
[292]. Considering this phenomenon, acidic or near acidic buffers were studied for the 
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separation of the target herbicide acids in the counter-EOF mode. The appropriate 
buffer served to suppress the EOF while providing conditions under which the 
analytes could still be ionized. Acetic acid and ammonium acetate were chosen as 
electrolytes, which are usually used in NACE. As described below, separation could 
be achieved under negative voltage NACE, in the counter-EOF mode, to facilitate 
sample stacking. 
 
5.3.1.1 Effect of electrolyte concentrations on separation 
Electrolyte concentration is an important factor that influences separation in NACE. 
Fig. 5-1 shows the change of apparent mobilities of analytes with varying electrolyte 
concentrations in a 75% methanol-25% acetonitrile system. In this case, the 
concentration of acetic acid was fixed at 1 M while that of ammonium acetate was 
varied from 20 mM to 50 mM. It can be observed that with the decreasing ammonium 
acetate concentration, the apparent mobilities of all the analytes decreased. It may be 
a result of the decreasing apparent pH of buffer from 5.21 to 5.01 and then to 4.79 
when ammonium acetate concentration decreased from 50 mM to 25 mM and then to 
20 mM. Resolution was enhanced with decreasing ammonium acetate concentration. 
However, this also led to peak tailing. Hence, a compromised concentration of 25 mM 

















5.3.1.2 Effect of different organic solvents composition on separation 
The influence of organic solvents on separation was investigated when 1 M acetic 
acid-25 mM ammonium acetate was used as the electrolyte with different proportions 
of acetonitrile in methanol. As shown in Fig. 5-2, with increasing acetonitrile 
proportion, the apparent mobilities of all analytes increased correspondingly. This 
may be attributed to two factors. On one hand, the viscosity of the system increased 
with increasing acetonitrile proportion. On the other, the apparent pH of the system 
also increased, corresponding to the increased proportion of acetonitrile. The apparent 
pH values were from 4.75 to 5.01 to 5.25 and then to 5.30 as the proportion of 
acetonitrile increased from 0% to 25% to 50% and then to 75%, respectively. Both of  

























Concentration of ammonium acetate (mM)
Figure 5-1 Effect of ammonium acetate concentration on apparent mobilities of 
analytes. Conditions:  Buffer: 1 M acetic acid with different ammonium acetate 















the above factors might have led to simultaneous increases in the EOF and 
electrophoretic mobilities of the test analytes. However, the magnitude of the 
increases may be different. The ultimate result depended on the mutual impact of 
these two factors. Given the phenomenon as observed here, it may be that increases in 
mobilities of analytes were larger than those of the EOF. Therefore, the apparent 
analyte mobilities were increased. Another factor to be noted is that the ionization 
ability of the individual analyte may be exhibited quite differently in the presence of 
different components/proportions of organic solvents. The change of the ionization 
state of the analytes is complex and difficult to predict in a non-aqueous system. 
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A ce ton itrile  content
Figure 5-2 Effect of composition of organic solvents on apparent mobilities of 
analytes. Conditions: buffer: 1 M acetic acid-25 mM ammonium acetate, different 
percentages of acetonitrile in methanol; Separation voltage: -30 kV. 
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Meanwhile, the resolution was reduced with the increasing proportion of acetonitrile. 
In a pure methanol system, 2,4-D and Fenoprop can be baseline-separated while in the 
presence of 75% acetonitrile, 2,4-DCBA and Fenoprop co-migrated. Pure acetonitrile 
was not investigated because of the limited solubility of the electrolyte in it. 














Based on the above observations, 25 mM ammonium acetate and 1 M acetic acid in 
methanol were selected for NACE separation. An electropherogram of all the analytes 
under this condition is shown in Fig. 5-3. This optimized NACE separation condition 
was employed in the following experiments. 
Figure 5-3 An electropherogram of acidic herbicides. Conditions: Buffer: 25 mM 
ammonium acetate -1 M acetic acid in methanol; Separation voltage: -30 kV; Sample: 
20 µg/mL; Sample injection: -5 kV, 10 s. Peaks: 1. Picloram; 2. 2,4-DCBA; 3. 
Fenoprop; 4. 2,4-D; 5. Dichlorprop; 6. 3,5-DCBA. 
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5.3.2 Online preconcentration procedure 
Zhu and Lee devised a method termed field-amplified injection and water removal 
using the EOF pump (FAEP) that was successfully developed for the CE 
determination of phenoxy acid herbicides [290]. The separation of the herbicides was 
accomplished in the presence of a surfactant. The water plug introduced before the 
sample injection helped to maintain field enhancement and acted as a reservoir to hold 
the sample. The presence of the water plug also improved reproducibility. A 3000-fold 
preconcentration factor was obtained (as compared with the conventional CE injection 
mode), which was suitable for most negatively-charged analytes. Herein, we 
developed a similar strategy, but based on the introduction of organic solvent plug 
before the sample injection, into NACE to achieve online preconcentration and 
enhance sensitivity. 
 
5.3.2.1 Effect of sample injection volume on stacking efficiency 
The effect of sample injection volume on stacking efficiency was investigated through 
different sample injection durations (from 15 s to 120 s) at constant voltage (-10 kV) 
with a 2 s pre-introduced methanol plug at 5 kPa. The peak area was proportional to 
the sample injection time from 10 s to 60 s for all the test analytes (R>0.9900, results 
not shown). However, when the sample injection time was more than 60 s, the peaks 
broadened gradually with further increase in injection duration. The peak heights also 
did not show an obvious increasing trend. It might be a result of the diffusion of 
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samples as far as longer injection duration was concerned. It was also possible that the 
analytes pass through the boundary of the pre-introduced organic solvent plug and 
running buffer, dispersing into the buffer. As a result, stacking of the analytes was 
incomplete and separation efficiency was compromised. Based on this observation, a 
reasonable sample injection time of 60 s at -10 kV was chosen. 
 
5.3.2.2 Effect of different organic solvents as pre-introduced plugs on stacking 
efficiency 
A short plug of water or mixture of water and organic solvent can be introduced 
before sample injection in aqueous CE to enhance sensitivity [275, 293, 294]. Since 
the choice of organic solvents is relatively unlimited, and different organic solvents 
have dissimilar chemical and physical properties, introduction of different organic 
solvents prior to sample injection in NACE is supposed to have variable influence on 
the subsequent stacking process. This pre-introduced plug should be compatible with 
the separation buffer, to avoid potential precipitation of the analytes because of 
solubility problems. Here, methanol, acetonitrile and mixture of them were 
investigated as pre-introduced plugs. 
 
The present procedure was also compared with large-volume sample injection (LVSI), 
as shown in Fig. 5-4 (a). Since the directions of electrophoretic mobilities and the 
EOF are opposite to each other, under negative voltage, LSVI can be realized easily 
without reversing the voltage. Compared to the normal sample injection, the 
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sensitivity related to LVSI was obviously enhanced, with LODs decreasing by one to 





















Figure 5-4 Electropherograms with different pre-introduced organic plugs. (a) LVSI, 
sample injection: -10 kV, 60 s; (b)-(d): different pre-introduced organic solvents (5 kPa, 
2 s) followed by sample injection (-10 kV, 60 s). (b) methanol; (c) acetonitrile; (d) 
methanol:acetonitrile (1:1, v:v). Other separation conditions and peak identification as 
in Fig. 5-3. 
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However, in the presence of pre-introduced organic solvent plugs (the pressure was 
fixed at 5 kPa and introduction duration at 2 s), whatever methanol, acetonitrile, or 
combination of them was used, all showed enhanced CE peak intensities compared to 
LVSI, as illustrated in Fig. 5-4 (b, c, d). This result obviously indicated that stacking 
occurred no matter which kind of organic solvent was used. Since the conductivity of 
organic solvents was lower than that of the running buffer, a higher electric field could 
always be established. Thus, any analyte would assume a higher electrophoretic 
velocity. This implied that greater amounts of analytes could be injected when 
subjected to the same sample injection duration as LVSI. Meanwhile, once they 
reached the boundary of the organic plug and buffer, the analytes would slow down 
owing to the sudden increase in ionic concentration of the buffer, leading to the 
stacking. After the sample matrix and organic plug were pumped out by the EOF, the 
separation began. 
 
However, different organic plugs have significantly different impact on stacking 
efficiency. From Fig. 5-4, it can be clearly seen that methanol plug exhibits the 
highest stacking efficiency amonst the three kinds of plugs studied. In the case of 
methanol, LODs can be decreased further by more than one order of magnitude 
compared to LVSI. The possible reason is due to the difference in ε/η (ε is relative 
permittivity; η is viscosity) ratios of different organic solvents. Methanol has the 
lowest ε/η ratio (60.0 cP-1) and acetonitrile the highest (110.0 cP-1), while mixtures of 
them should have ratios in between these two extremes [295]. Therefore, stacking 
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efficiency decreased from methanol to the mixture, and then to acetonitrile under the 
same condition.  
 
5.3.2.3 Effect of pre-introduced organic solvent plug lengths on stacking efficiency 
The effect of organic solvent plug (methanol) lengths was investigated for different 
injection durations at constant pressure (5 kPa), from 0.5 s to 60 s. A long injection 















Fig. 5-5 shows the relationship between the duration of methanol injection and peak 
















Duration of organic solvent plug injection (s)
Figure 5-5 Methanol injection duration versus peak area. 
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areas of the analytical signals. The latter increased with increasing duration from 1 s 
to 10 s, and then decreased with further increase in the duration from 15 s to 30 s. 
When plug injection duration was more than 45 s, the CE peak areas decreased 
gradually, with a reduction in separation efficiency. A possible reason may be that 
organic plug provided a higher electric field because of its lower conductivity, which 
facilitated sample stacking. However, with a further increase in the pre-introduced 
plug length, a longer time would be needed to pump the plug out of the capillary 
before separation began. Thus, the sample plug conceivably began to undergo 
diffusion during stacking. Consequently, the peaks would broaden gradually, resulting 
in reduced stacking efficiency. 
 
In addition, stacking in non-aqueous media may be different from that in aqueous 
medium. In aqueous system, a long plug of water or mixture of water and organic 
solvent can both be used to provide proper field amplification and to act as a medium 
to hold the injected anions [290]. However, when a long plug of organic solvent was 
introduced in NACE, stacking was severely compromised and the current was easily 
disrupted. 
 
5.3.3 Optimization of SBME 
In SBME, the extracting organic solvent is confined within a short length of a 
polypropylene hollow fiber, sealed at both ends. This solvent bar can be directly 
placed in the sample solution and subjected to stirring during extraction. Due to the 
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stirring and the free tumbling of the solvent bar, mass transfer between aqueous phase 
and organic phase is facilitated, thus resulting in high extraction efficiency [170]. In 
the case of pentachlorobenzene and hexachlorobenzene as model compounds, which 
were determined by GC-ECD, enrichment factors of up to ~110 and ~70 fold 
respectively could be achieved. In addition, owing to the protection offered by the 
hollow fiber, the procedure can be directly used for “dirty” samples, such as soil 
slurries, thus eliminating matrix interferences effectively. This approach was 
demonstrated to have higher extraction efficiency than that of HF/LPME and SDME. 
Other independent reports have demonstrated the effectiveness of SBME [171, 172]. 
 
In this work, SBME was chosen as the sample pretreatment procedure prior to NACE. 
This is the first time two-phase LPME, in which the final extract is an organic phase, 
is directly used for CE because of the compatibility of the NACE separation system 
with the extract. Previously, when LPME is used with CE, the final extract needed to 
be in the aqueous phase. 
 
5.3.3.1 Selection of organic solvent for extraction 
To choose a suitable organic solvent, some factors should be considered. First of all, 
the test analytes should have good solubility in the organic solvent to ensure high 
enrichment. Obviously, the solvent should also be immiscible with water. Additionally, 
it should preferably possess a low vapor pressure to prevent loss during stirring, 
especially in this study, because the solvent “bar” is exposed to air to get the extract 
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out after extraction. Based on these considerations and referring to earlier work by Wu 
et al [141], 1-octanol was selected.  
 
Commonly used water-immiscible solvents cannot maintain a sufficiently high current 
along the capillary due to their poor electrical conductivity [273]. Thus, in the case of 
1-octanol as sample matrix, less analytes will be introduced into the capillary. 
Increasing the injection time may be a solution to introduce more analytes. However, 
if the injection duration is prolonged, peak broadening will result. Therefore, to 
address this issue, the extract was diluted 2x with methanol to ensure reasonable 




























Figure 5-6 Influence of sample solution pH on SBME. 
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5.3.3.2 Effect of sample solution pH 
SBME efficiency of the herbicides is influenced by their ionization, due to their 
acidities. The pH values of sample solutions between 1 and 6 were studied for their 
effect on extraction. As shown in Fig. 5-6, the highest CE peak responses were 
obtained in the case of pH being about 1. At this pH, the studied analytes, whose pKa 
values are between 2 and 5, existed in their neutral forms and therefore their 


































Figure 5-7 SBME time profile 
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5.3.3.3 Extraction time  
Mass transfer is a time-dependent process. A series of exposure time was investigated 
by extracting from an aqueous solution at pH of 1, containing 50 ng/mL of each 
analyte at a stirring speed of 73.3 rad s-1. Fig. 5-7 showed that CE peak responses 
increased quickly within 40 min of extraction time. As reported previously [170], 
SBME is an equilibrium rather than exhaustive extraction process. Hence, when the 
extraction time was increased to the equilibrium point gradually, the extraction 
efficiency also mirrored this trend. However, to avoid loss of solvent due to prolonged 
exposure (>40 min), and also to permit a practical implementation of the technique, 
30 min was selected as extraction time. This was close to the equilibrium time of 40 































S tirring speed (rad s-1)
Figure 5-8 Effect of stirring speed on SBME. 
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5.3.3.4 Stirring speed 
Like all other modes of LPME, the extraction efficiency in SBME can be enhanced by 
increasing the sample stirring speed. In our experiments, the stirring speed was 
investigated from 41.9 to 73.3 rad s-1 for 30-min extraction. The relationship between 
peak area and stirring speed is shown in Fig. 5-8. Since the solvent bar circumgyrated 
and tumbled freely in the stirred aqueous solution, with increasing stirring speeds, the 
peak areas increased correspondingly. In this manner, thermodynamic equilibrium 
could be achieved completely and quickly. When the stirring speed was increased to 
83.8 rad s-1, however, solvent loss from the hollow fiber was observed. Therefore, 
73.3 rad s-1 was selected as the optimum stirring speed. 
 
5.3.3.5 Effect of salt addition on SBME 
The effect of the addition of salt to the sample solutions was also investigated. The 
influence of salt in the sample on SPME and LPME has been widely discussed, and 
observations have been conflicting [296]. Salting-out (increasing the extraction 
efficiency by the addition of the salt), salting-in (decreasing the extraction efficiency 
by the addition of the salt) or no effects have all been reported. In our study, the salt 
effect was investigated in the presence of 50-250 mg/mL sodium chloride. No 
significant change in the CE peak responses was observed in the presence of different 
concentrations of sodium chloride (results not shown). This was in agreement with 
our previous work [141], as well as several other microextraction reports. It is not at 
all clear why the salting-out effect does not appear clear to LPME although it does 
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generally clear to conventional LLE. 
 
5.3.4 Comparison of extraction efficiency amongst HF/LPME, SBME and SDME 
HF/LPME [8] uses a hollow fiber membrane to hold and stabilize the acceptor phase. 
When the fiber is immersed in the sample solution, the target analytes are extracted 
into the organic phase through the wall pores of the fiber. In SDME [143], extraction 
takes place between the aqueous phase and a water-immiscible solvent droplet, with 





























Figure 5-9 Comparison amongst SBME, HF/LPME and SDME. 
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Identical conditions under which SBME, HF/LPME and SDME were compared 
included the follows: stirring rate of 73.3 rad s-1 (41.9 rad s-1 for SDME) for 30 min, 
sample solution adjusted to a pH of 1, and no salt addition. Fig. 5-9 compares the CE 
peak responses amongst these three modes of microextraction. It can be seen that 
SBME exhibited higher extraction efficiency than that achieved by SDME and 
HF/LPME. As discussed above, a leading contributory factor to this result could be the 
highly efficient contact of the sample solution with the organic extractant phase caused 
by the tumbling of the solvent bar in SBME. 
 









Table 5-1 lists the regression data and LODs of analytes generated by combining 
FAEP with SBME under the optimized conditions. The linearity of FAEP and SBME 
calibration plots was investigated over a concentration range of 0.5-100 ng/mL. All 
the tested herbicides exhibited good linearity with good squared regression 






Picloram 0.5-100 0.9996 0.10 6.09 
2,4-DCBA 0.5-100 0.9993 0.10 9.57 
Fenoprop 0.5-100 0.9994 0.12 9.57 
2,4-D 0.5-100 0.9992 0.08 10.8 
Dichlorprop 0.5-100 0.9998 0.14 10.3 
3,5-DCBA 0.5-100 0.9968 0.12 7.15 
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coefficients, greater than 0.9960. The LODs of these compounds, calculated at S/N=3, 
were in the lower ng/mL level (0.08-0.14 ng/mL). The reproducibility of the peak 
areas was studied for five replicate experiments for an aqueous sample containing 50 















However, none of the target herbicides could be detected in river water under the 
optimal extraction conditions. River water spiked with herbicides (5 ng/mL) was used. 
Fig. 5-10 shows an electropherogram of an extract of spiked river water and subjected 
to SBME followed by FAEP-NACE separation. It may be observed that the 
Figure 5-10 An electropherogram of an extract (with FAEP/NACE) after SBME of 
river water spiked with herbicides (5 ng/mL). Methanol plug: 5 kPa, 10 s; Sample 
injection: -10 kV, 60 s. Peak identities as in Fig. 5-3. 
  129
electropherogram is clear of interfering substances, indicating the effective cleanup 
afforded by the SBME approach. 
 
5.4 Conclusions 
In this study, a combination of a two-phase liquid-phase microextraction approach 
(solvent-bar microextraction (SBME)) and field-amplified sample injection and 
organic solvent removal with the electroosmotic flow as a pump (FAEP) in NACE to 
extract, preconcentrate and determine herbicides was successfully carried out. The 
analytes were separated by adjusting the background solvents and electrolytes, due to 
the opposite directions of their electrophoretic mobilities and EOF. As an online 
preconcentration method, FAEP was, for the first time, used in NACE. In this method, 
a short plug of organic solvent was pre-introduced followed by large-volume sample 
injection. Stacking was achieved during sample injection while the sample matrix and 
organic plug were removed by the EOF. After optimization of sample injection time, 
and the nature of the organic plug and length, the best stacking efficiency was 
obtained under the conditions: methanol introduced at 5 kPa for 10 s followed by 
sample injection at -10 kV for 60 s. SBME conditions, such as sample pH, stirring 
speed, extraction time and salt concentration were carefully studied and optimized. 
With SBME combined with FAEP, also the first ever report of such a combination to 
the best of our knowledge, the LODs of the analytes considered were determined to 
be at ng/mL levels. Compared to normal sample injection, the present method 
provided high sensitivity, with LODs lower by 3 to 5 orders of magnitude. The 
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procedure was applied successfully to real river water spiked with the analytes of 
interest, and satisfactory results were achieved. This approach may be helpful to 
overcome the limitation of the high UV background of organic solvents (that leads to 
sensitivity problems) and to expand the real-world practical applicability of NACE. 



















Chapter 6. Liquid-Liquid-Liquid Microextraction of Nerve Agent Degradation 
Products Followed by Capillary Electrophoresis with Capacitively-Coupled 
Contactless Conductivity Detection 
 
6.1 Introduction 
Chemical warfare agents are not likely to be used by the major powers, but there is an 
increased risk that these highly toxic substances may be employed by terrorists. 
Simple methods for detecting these agents in the environment are thus desired. As the 
compounds are generally unstable, confirmation of their use may be carried out via 
the determination of the degradation products. The hydrolysis of G- and V-type nerve 
agents leads to alkyl alkylphosphonic acids which can then be quantified. An 
overview of methods for their determination in environmental matrices has been 
published [297].  
 
In order to achieve high sensitivity and selectivity, sample preparation procedures for 
the extraction of chemical warfare agent degradation products are generally needed. 
Reported techniques include pressurised liquid extraction [298], SPE [299, 300], SPE 
using molecularly-imprinted polymers [191, 192], ion-pair-SPE [301, 302], SPME 
[303], on-matrix derivatisation extraction [304] and a new technique known as 
microemulsion-mediated in-situ derivatisation and extraction [305]. Recently, Lee’s 
and Dubey’s groups established an HF/LPME approach for similar compounds 
[306-310]. Zirconia hollow fiber-based microextraction was also proposed for these 
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compounds by the same research group [311]. 
 
Liquid-liquid-liquid microextraction (LLLME) is one form of LPME, in which the 
analytes are extracted from the sample solution to an organic phase, and then 
back-extracted from the organic phase to a second, separate aqueous acceptor phase. 
This normally processes in a single system. LLLME has attracted increasing attention 
since its invention in 1999 [124]. Owing to the aqueous quality of the acceptor phase, 
it affords greater compatibility with the subsequent liquid phase-based separation 
techniques, such as CE and reversed-phase HPLC analysis [124, 312]. Hitherto, there 
has been no report on the LLLME of degradation products of nerve agents. The aim 
of the present study was to develop LLLME of this class of compounds. Two 
approaches of LLLME, ion-pair-LLLME and electromembrane isolation (EMI) (see 
Chapter 1, section 1.3.1 and 1.3.2), were investigated, respectively. 
CE-capacitively-coupled contactless conductivity detection (C4D) was employed as 
the separation and determination technique after extraction. 
 
6.2 Experimental 
6.2.1 Chemicals and reagents 
Methylphosphonic acid (MPA), ethyl methylphosphonic acid (EMPA), isopropyl 
methylphosphonic acid (IMPA) and cyclohexyl methylphosphonic acid (CMPA), 
which have been prepared in methanol separately as standards of 1000 µg/mL, were 
purchased from LGC Promochem (Wesel, Germany). Their structures are shown in 
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Fig. 6-1. Cetyltrimethyl ammonium bromide (CTAB) was obtained from Acros 
Organic (Geel, Belgium). Tri-n-butyl amine (TrBA), triethylamine (TEA), 
tetrabutylammonium bromide (TBAB), phenyltrimethylammonium hydroxide 
(PTAH), L-histidine (L-His) and 2-(N-morpholine) ethanesulfonic acid (MES) were 
purchased from Fluka (Buchs, Switzerland). Other chemicals and reagents were the 













6.2.2 Instrumental    
An instrument constructed in-house from a 30 kV high-voltage power supply with 
dual polarity (CZE 2000R) from Start Spellman (Pulborough, UK) was used for the 

















Fig. 6-1 Structures of the analytes studied in this work. 
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are separated by a gap of 1 mm and a Faradaic shield. For cell excitation a sinusoidal 
voltage with a peak-to-peak amplitude of 400 V and a frequency of 200 kHz was 
employed. The detector current was amplified, rectified, and low-pass filtered [313, 
314] and the signal was acquired with a MacLab/4e system (AD Instruments, Castle 
Hill, Australia).   
 
A 54-cm-long, 50-µm-i.d. bare fused-silica capillary (Polymicro Technologies; 
Phoenix, AZ, USA) with an effective length of 46 cm was used for CE separations. 
Capillary was conditioned as described earlier in Chapter 3 (3.2.2). LODs were 
determined as the concentrations corresponding to peak heights for S/N of 3. 
 
The running buffer consisted of 12 mM L-His, 8 mM MES and 25 µM CTAB and had 
a pH value of 6.3. Before use, the buffer solution was filtered through a membrane of 
0.25-µm pore size and degassed in an ultrasonic bath for 5 min. Normal injection was 
performed by siphoning at 15 cm height for 10 s. When LVSI was employed, injection 
was performed by siphoning at a height of 15 cm for 100 s. The separation voltage 
was -25 kV. 
 
The total organic carbon content (TOC) of the river water sample was determined by 
a DIMATEC 2000 Analysentechnik TOC analyzer (Essen, Germany). Conductivity 
was measured by a Metrohm 660 Conductometer (Herisau, Switzerland). 
 
6.2.3 Sample preparation 
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All the analytes were diluted with ultrapure water to certain concentrations to conduct 
experiments to optimize the extraction conditions as indicated in the individual 
experiments below. A real water sample was collected from the river Rhine. It was 
first filtered through a membrane of 0.25-µm pore size. Afterwards, the filtrate was 










6.2.4 Ion-Pair-LLLME procedure 
Ion-pair-LLLME extraction was carried out in the setup shown in Fig. 6-2. A 4-mL 
sample solution containing certain concentration of ion-pair reagent was placed in a 
5-mL vial. The sample solution pH was adjusted in individual experiments as 
indicated below. A certain volume of 1-octanol was dispensed onto it. Then a 2 µL 
aliquot of acceptor phase was drawn into a microsyringe with a cone needle tip. The 
needle was pushed through the septum of the vial and its tip carefully placed in the 
centre of the 1-octanol phase. Then a single drop of the acceptor phase was pushed 
Figure 6-2 Ion-pair-LLLME setup 
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out and suspended in the octanol phase. After extraction for a prescribed time under 
stirring with the magnetic stirrer, the analyte-enriched drop was withdrawn back into 
the syringe and transferred into a sample vial for subsequent CE analysis.  
 
6.2.5 EMI procedure  
EMI was carried out as follows. 4 mL sample solution was placed in a 5-mL vial. A 
polypropylene membrane envelope (1 cm length × 0.5 cm width), was prepared by 
heat-sealing at the 3 edges of 2 overlapping membrane sheets. A 20-µL aliquot of 
water was then introduced into the envelope as the acceptor phase. The envelope was 
immersed in 1-octanol for 5 s to fill the pores with the solvent. To carry out EMI, one 
D.C. power supply (GMR-1K5P, Advance Hivolt, Woburn, MA, USA) was used with 
a voltage range from 0 to 400 V. Two platinum wires with a diameter of 0.5 mm were 
connected to the power supply as positive and negative electrodes, respectively. The 
envelope with the positive electrode in the acceptor solution was suspended in the 
sample solution, secured with a plastic hook. The negative electrode was placed 
directly in the sample solution. After extraction for a prescribed time under different 
stirring speeds, the analyte-enriched acceptor phase was collected by a HPLC syringe. 
The extract was transferred to a sample vial and introduced into the CE system for 
analysis.  
 
6.3 Results and discussion 
6.3.1 CE-C4D of nerve agent degradation products with large-volume sample 
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injection (LVSI) 
CE has previously been investigated for the determination of nerve agent degradation 
products. However, the compounds cannot be determined by direct UV-absorbance 
[315] as these possess neither chromophores nor fluorophores. Indirect UV-detection 
is relatively insensitive and has a limited linear range [316-318]. Laser-induced 
fluorescence allows sensitive determination, but on the other hand, derivatization of 
the analytes is necessary to afford fluorescence [319-321]. CE-MS is a preferred 
technique to detect nerve agent degradation products with good LODs [322]. 
However, it is costly and not available in many laboratories.  
 
In recent years, C4D has emerged as a new detection method for CE (for a recent 
review see [323]). In contrast to the optical methods of absorption and fluorescence, 
conductivity measurements can be considered universal in CE as all ionic species can 
be detected directly, and this eliminates the need for derivatization or indirect 
approaches. In the present work, for the first time, the combination of LLLME for 
sample pretreatment with CE-C4D for separation and detection of four phosphonic 
acid nerve agent degradation products is studied.  
 
When samples of low conductivity are analysed by CE, it is possible to employ 
field-amplified sample stacking (FASS) methods to improve the sensitivity of the 
measurement. Up to now, there are only a few publications about the use of such 
approaches for CE-C4D. Law et al [324] have proposed FASS for CE-C4D separation 
  138
of tobramycin in human serum with about 20-fold enhancement. Xu et al explored 
FASS for low-molecular-weight organic acids and chlorinated acid herbicides with 
sensitivity enhancement factors of several hundred- to thousand-fold [325]. As the 
receiving solution for the ion-pair-LLLME procedure used in the present study 
consisted of pure water, large-volume sample injection (LVSI), which is the simplest 
field-amplified stacking method, was adopted. Hydrodynamic sample introduction 
was carried out through siphoning from the sample vial by elevating the injection end 
of the capillary. After optimization of this LVSI process, sample injection for 100 s at 
a height of 15 cm, was chosen. The resulting sensitivity was about one order of 
magnitude higher than for normal sample injection (typically 10 s at 15 cm).   
 
6.3.2 Ion-pair-LLLME 
Ion-pair extraction is a method for partitioning of ionic compounds with the aid of 
lipophilic counter ions of opposite charge [326]. Due to the high polarity and acidity 
of alkyl alkylphosphonic acids, ion-pair reagents may facilitate their extraction. 
Ion-pair-SPE, for example, has been applied to determine nerve agent degradation 
products in aqueous matrices using CTAB or TBAB [301] and PTAH as ion-pair 
reagents [302]. Apart from ion-pair-SPE, ion-pair-LLE is also a possible approach to 
realize the extraction of polar compounds from an aqueous phase directly to an 
organic phase. This has been successfully used, for example for fatty acids [327-330]. 




6.3.2.1 Selection of ion-pair reagent 
In the absence of ion-pair reagent in the sample solution, no CE signal could be 
observed after the LLLME process. This is ascribed to the hydrophilic property of the 
analytes. Their partition coefficients are too low for their transfer into the organic 
phase. Ion-pair reagents, such as CTAB, TBAB and PTAH [301, 302], have been 
described for the ion-pair-SPE process. Moreover, TEA, TrBA and TBAB were 
probed as ion-pair reagents for LC separation of alkyl alkylphosphonic acids [331]. In 
our study, the suitability of all these ion-pair reagents was investigated. The ideal 
ion-pair reagent is supposed to have the following properties. Firstly, phosphonic acid 
ion pairs are formed with it and easily extracted into organic solvent. Secondly, 
phosphonic acid ion pairs undergo easy dissociation at the boundary of organic 
solvent and the third aqueous acceptor phase. All the studied ion-pair reagents, except 
TBAB, lead to CE signals. This may be due to a steric hindrance of the butyl groups, 
resulting in difficulty in the formation of the ion pairs. The results are in agreement 
with the previous work by Tak et al [331]. As TrBA gave the strongest CE signal, this 
compound was chosen as the ion-pair reagent for the subsequent work. 
 
6.3.2.2 Selection of organic solvent (transferring phase)  
To choose a suitable organic solvent, some factors should be considered. First of all, 
the ion-pair compounds formed should have good solubility in the organic solvent in 
the first extraction step to ensure high enrichment. Obviously, the solvent should also 
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be immiscible with water. Furthermore, to enable the extraction procedure used, the 
solvent should be less dense than water, so that it can float on the aqueous sample 
solution. Additionally, it should preferably possess a low vapour pressure to prevent 
loss during stirring. Toluene, hexane and 1-octanol were examined as the transferring 
phase. Of the three, 1-octanol gave the highest sensitivity (results not shown). This 
may be due to the relatively higher polarity of 1-octanol that is more compatible with 
the chemical nature of the analytes.  
 
6.3.2.3 Influence of the concentration of the ion-pair reagent on the extraction 
efficiency 
The concentration of the ion-pair reagent plays an important role in ion-pair extraction 
because it affects the distribution of counter ions, therefore influencing the extraction 
efficiency [330]. For this reason, different concentrations of TrBA from 0.01 mM to 5 
mM were investigated using a standard solution of 0.5 µg/mL of the analytes in a 
4-mL sample solution. As shown in Fig. 6-3, the peak areas of all four compounds 
reached their respective maxima at a TrBA concentration of 0.1 mM. When the TrBA 
concentration was raised to 5 mM (not shown in Fig. 6-3), only a peak for CMPA 
could be observed. In principle, higher concentrations of ion-pair reagent are expected 
to lead to a higher extraction efficiency [330]). The reason why a lower extraction 
efficiency of the target analytes was observed at the high concentrations of ion-pair 
reagent is not clear, but may be related to the high solubility of TrBA in 1-octanol. At 
the high concentrations of TrBA in the aqueous solution some TrBA would be 
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dissolved (or extracted) into 1-octanol. Hence, the extraction of TrBA and ion-pairs to 
1-octanol may compete with each other. An increasing level of TrBA in the organic 
solvent may restrain the dissolution of ion-pairs in 1-octanol to some degree (perhaps 
due to a saturation effect) so that extraction efficiency decreased with the increasing 















6.3.2.4 Influence of the pH value of the donor phase  
The composition of the donor phase has to facilitate the formation of the ion pairs to 
be extracted. The pH value is important as it affects both the analytes as well as the 
Figure 6-3 Influence of the concentration of TrBA on the extraction efficiency. 
Extraction conditions: 0.5 µg/mL of the analytes in 4 mL solution at pH of 4, with 
different TrBA concentrations, 200 µL 1-octanol as transferring phase, 2 µL water as 
acceptor phase, 62.8 rad s-1, 45 min. 




























ion-pair reagent. A pH value which is sufficiently high to achieve full deprotonation 
of the acidic analytes is desirable, but on the other hand the pH value should be low 
enough to assure protonation of the tertiary amine TrBA. The effect of varying the pH 
value of the sample solution between 3 and 6 was studied. In this pH range the 
analytes, whose pKa values are lower than 2, exist in their ionic forms, while TrBA is 
also well protonated. The results are depicted in Fig. 6-4. As can be seen, there is 
some variation in the pH dependence amongst the four compounds, but a pH value of 















Figure 6-4 Influence of the pH value of the donor phase on the extraction efficiency.  
Concentration of TrBA: 0.1 mM TrBA. Other conditions as for Fig. 6-3. 

































6.3.2.5 Influence of the pH value of the acceptor phase on the extraction efficiency 
It was expected that for the back-extraction into the aqueous acceptor phase the pH 
value of the latter would also be important. Thus, the effect on the transfer efficiency 
was also investigated. As shown in Fig. 6-5, the peak areas of the CE signals generally 
are larger for the higher pH values of the acceptor phase in the tested pH range from 7 
to 9. The explanation for this behaviour must be the fact that at the high end, a 
fraction of the TrBA would be present in its neutral non-protonated form, which is 
much more soluble in the organic phase, and thus the analyte is released (from the ion 
pair) in anionic form into the aqueous acceptor phase. Presumably at pH values higher 
than 9 the effect would be even more pronounced. However, it was found that when 
the acceptor phase at higher pH was directly used for CE injection, peak distortion 
Figure 6-5 Influence of the pH value of the acceptor phase on the extraction 
efficiency. Conditions as for Fig. 6-4. 






















pH of acceptor phase
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occurred. This may be related to the absorption of ambient CO2 into the solution, 
which causes changes in the conductivity of the solutions. Hence, a pH value of 8 was 












6.3.2.6 Influence of the stirring speed on the extraction efficiency 
In our experiments, the effect of stirring speed was investigated by adjusting the rate 
of rotation of the magnetic stirrer from 62.8 rad s-1 to 94.2 rad s-1 for a 45-min 
extraction. The relationship between peak areas of the CE signals and stirring speed is 
shown in Fig. 6-6. Clearly, with increasing stirring speed, the peak areas of EMPA 
increased correspondingly. Unexpectedly, peak areas of MPA and CMPA decreased 
with increasing stirring speed; while peak areas of IMPA increased when stirring was 
from 62.8 to 73.3 rad s-1, and then decreased when stirring was from 73.3 to 83.8 rad 


























Stirring speed (rad s-1)
Figure 6-6 Influence of the stirring speed on the extraction efficiency. Conditions as 
for Fig. 6-4. 
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s-1. This may possibly be explained thus: When the rate of rotation was increased to 
up to or above 83.8 rad s-1, the organic layer was not stable and dislodgement of the 
acceptor drop also occurred at times, indicating drop instability at high stirring speeds. 
A stirring rate of 94.2 rad s-1 was also studied. But due to the instability, the result is 













6.3.2.7 Extraction time  
Mass transfer is a time-dependent process. A series of extraction times was 
investigated by extracting from an aqueous solution at a pH value of 4, containing 0.5 
µg/mL of each analyte, at a stirring speed of 73.3 rad s-1. The CE peak responses from 
30- to 75- min extraction time are shown in Fig. 6-7. For reasons as yet unclear, 





















Figure 6-7 Extraction time profile. Conditions: 0.5 µg/mL of the analytes in 4-mL 
solution at pH 4 with 0.1 mM TrBA, 200 µL 1-octanol as transferring phase, 2 µL 
H2O (adjusted to pH 8 with NH3) as acceptor phase, 73.3 rad s-1. 
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CMPA showed a dramatic decrease in extraction from 45 min to 60 min. Taking into 
account the unusual behavior of CMPA, and loss of solvent due to prolonged 
exposure (> 45 min), and to permit a practical implementation of the technique, a time 
of 45 min was selected.  
 













MPA 5-500 0.9888 9.3 0.37 1580 
EMPA 10-500 0.9990 13.8 0.85 450 
IMPA 10-500 0.9998 12.3 0.41 1260 




All the validation data are shown in Table 6-1. The reproducibility of the CE peak 
areas was studied for five replicate experiments for an aqueous sample containing 0.5 
µg/mL of the four nerve agent degradation products. The four analytes tested exhibited 
good linearity with good squared regression coefficients over 2 orders of magnitude. 
The LODs, calculated at S/N=3, were all below 1 ng/mL for the optimized 
ion-pair-LLLME extraction conditions and LVSI-CE-C4D determination. The 
sensitivity enhancements, defined as the ratio of the LODs for the optimized 
procedure to those for the normal sample injection without extraction, were between 
2½ and 4 orders of magnitude. The RSDs of the peak areas were approximately 10%, 
which are acceptable.   
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6.3.2.9 Spiked river water sample   
A sample was collected from the Rhine River (Basel, Switzerland). The water was 
spiked with a standard solution of the analytes. Fig. 6-8 shows the resulting 
electropherogram for 0.1 µg/mL of the analytes as determined by the combined 















EMI, a novel LLLME mode, was introduced by Pedersen-Bjergaard et al [131]. It is a 
practical approach to promote the extraction of polar analytes in LPME, particularly 









Figure 6-8 Electropherogram of an extract of river water which had been spiked 
with 0.1 µg/mL of the analytes. Peaks: 1. MPA; 2. EMPA; 3. IMPA; 4. CMPA. 
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charged ones. Normally, LPME is useful for non-polar and medium-polar compounds. 
However, the partition of polar compounds from aqueous to organic solvent is 
sometime difficult. Therefore, to accomplish the extraction, an additional driving 
force may be needed. As far as EMI is concerned, an external electrical field is 
employed to assist the extraction. Pedersen-Bjergaard’s group has carried out a series 
of experiments on EMI, to investigate the influence of extraction parameters on both 
basic and acidic compounds [131-134]. In the present procedure, we studied the 
applicability of EMI to extract nerve agent degradation products from aqueous 
matrices. 
 
6.3.3.1 Selection of organic solvent- supported liquid membrane (SLM)  
To choose a suitable organic solvent, to be the SLM, some factors should be 
considered. First of all, the organic solvent should have a certain dipole moment or 
electrical conductivity to ensure electrical field continuity between the donor and 
acceptor phase. Secondly, the organic solvent should have suitable chemical 
properties to enable phase transfer and electrokinetic migration of the model analytes. 
Additionally, it should preferably possess a low vapor pressure to prevent loss during 
sample stirring. Especially in this mode of extraction, Joule heating may occur 
seriously during extraction as a result of applied electrical power so that loss of 
organic solvent during extraction may be more obvious than in the conventional 
passive diffusion mode. Hence, chlorinated solvents, which have been demonstrated 
to show high extraction efficiency than other solvents in LPME of the studied 
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analytes [306-308], are unsuitable in this case, due to their low boiling points. Also, 
like conventional LPME, the solvent should be immiscible with water and be 
compatible with the polymeric membrane, and be well held in the membrane pores, 
avoiding the loss/dislodgement of the solvent during stirring. 
 
Balchen et al [134] pointed out that alcohols were appropriate for EMI of acidic 
analytes, although some underlying factors were still unknown. Based on this work 
and above considerations, 1-octanol, 1-nonanol and 1-decanol were investigated in 
this study. 1-octanol gave the strongest CE signals among these solvents (results not 
shown).  
 
In addition, the influence of the ion-pair reagent, TrBA, which has been demonstrated 
to be effective for ion-pair-LLLME of the degradation products of nerve agents, was 
also investigated. However, in the presence of ion-pair reagent in the sample solution, 
only low intensity of signals could be observed after EMI. This is in line with the 
previous report [134]. The observation is related to the ionization state of the analytes. 
When the analytes were ion paired, they were neutral. The electrical field could not 
effectively drive the uncharged ion pairs. Although ion pairs were supposed to have 
higher partition coefficients to organic solvent than the parent species, electrical 
power was the major force for migration of the analytes in this case. Therefore, 
reduced extraction efficiency was observed. 
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6.3.3.2 Influence of voltage 
Unlike conventional LLLME, where the diffusion plays major role in the extraction, 
the electrical potential has been proven to work as the significant driving force in EMI 
besides diffusion as discussed above. It has been demonstrated that no matter what the 
nature of the individual compounds is, electrokinetic migration can occur during the 
entire extraction, as long as the target compounds are charged [132].  
 
In our study, the extraction voltage was studied from 0-400 V. When no voltage was 
applied, almost no extraction signal could be observed. This result indicates that the 
diffusion of the model analytes, alkyl alkylphosphonic acids in ionic form, from 
aqueous to 1-octanol is very low or slow. Another experiment was carried out to 
deionize the model analytes using acidic aqueous sample solution. Then, the sample 
solution was subjected to the conventional LLLME process, keeping other conditions 
as in EMI but without voltage. No observable resulted. It further proved that even 
alkyl alkylphosphonic acids in their neutral states have low partition coefficients to 
1-octanol. Without the extra driving force, it was difficult to achieve LPME or 
LLLME efficiently.  
CE responses clearly increased with the increasing voltage, as shown in Fig. 6-9. 
When the voltage went up to 300 V, sharply enhanced peak signals could be observed. 
The electrical field across the SLM speeded up the migration of the analytes, leading 
to significantly enhanced extraction. The ionized analytes were first quickly driven 










According to the previous studies by Pedersen-Bjergaard’s group [131-134], the 
analytes are expected to be charged in the SLM based on the experimental 
observations. But it may be possible for them to be partially de-charged in the SLM. 
In the case of alkyl alkylphosphonic acids, they are highly hydrophilic and log Kow 
(octanol/water partition coefficient) values are relatively low [332]. This may further 
imply greater probability for the analytes to be charged in the SLM. Considering the 
organic nature of the SLM, the partially-charged status of analytes would be more 
reasonable. Although the resistance of the SLM is greater than that of the aqueous 
solution on either side of it and the high electrical field strength within the SLM could 
then be higher, the migration of the analytes could still be slowed down due to their 
partially-charged status compared to the case in aqueous solution. However, at the 























Figure 6-9 Influence of voltage on EMI. Extraction conditions: sample solution: 
0.5 µg /mL, 20 µL H2O as the acceptor phase, 62.8 rad s-1, 10 min, different 
voltages. 
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interface of the SLM and the acceptor phase, the analytes tended to be ionized again, 
due to the favorable pH environment afforded by the acceptor phase. In this case, the 
presence of the electric field assisted the transfer of the analytes to the acceptor phase. 
Therefore, higher electric potential differences promoted the extraction more 
efficiently than if only diffusion was involved [131]. When the voltage was above 300 
V, formation of gas bubbles at the electrodes became problematic. Based on the above 
observations, 300 V was chosen for subsequent experiments. 
 
6.3.3.3 Influence of stirring speed  
In our experiments, the stirring speed was investigated from 0 to 104.7 rad s-1 for 
10-min extraction. The relationship between peak areas and stirring speeds is shown 
in Fig. 6-10. Clearly, with increasing stirring speeds from 0 to 83.8 rad s-1, the peak 
areas of all the tested analytes increased correspondingly, while peak areas decreased 
when stirring speed was raised further to 104.7 rad s-1. Agitation is important for EMI, 
especially for large-volume sample solution [131, 132]. Although extraction could 
take place without agitation, the CE signals were significantly weaker than those with 
agitation. This process enhances convection in the sample solution, thus promoting 
the extraction. However, when the stirring speed was increased to 104.7 rad s-1, 
leakage of the organic solvent from the SLM may occur. Gas bubbles may also form 
in both the donor and acceptor phases. This leads to inconsistent analytical results. 













6.3.3.4 Extraction time profile  
A series of extraction times was investigated by extracting from an aqueous solution 
containing 0.1 µg/mL of each analyte at a stirring speed of 83.8 rad s-1. Fig. 6-11 
shows the CE peak responses for 5- to 40- min extraction. With increasing extraction 
time, peak areas increased gradually. Although higher signal intensities were observed 
at 40 min, to permit practical implementation of the technique, 30 min was selected, 
since the intensity enhancement at the longer extraction time was insignificant in any 
case (with the exception of EMPA) while the dislodgement of the organic solvent 































Figure 6-10 Influence of stirring speed on EMI. Extraction conditions: sample 
solution: 0.1 µg /mL, 20 µL H2O as the acceptor phase, 300 V, 10 min, 














6.3.3.5 Influence of pH of the acceptor and donor phase  
Both the donor and acceptor phases should afford an environment that is beneficial 
for analytes to be in their ionized form. Because of the acidity of the analytes with 
low pKa (< 2), pH values from 6.8 (water) to 13 as adjusted by NaOH were 
investigated. When the acceptor phase was water and the pH of the donor phase was 
varied from 6.8 to 13, CE peak intensities decreased. When the donor phase was 
water and the pH of the acceptor phase was increased from 6.8 to 13, CE peak 
intensities also decreased gradually. The pH values of the acceptor and donor phases 
were then kept the same each time as they were varied from 6.8 to 13. For a pH of 6.8, 
pure water was used as both phases. The strongest CE signal intensities were obtained 




















Figure 6-11 Extraction time profile. Extraction conditions: sample solution: 0.1 
µg/mL, 20µL H2O as the acceptor phase, 300 V, 83.8 rad s-1, different extraction 
time. 
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at this pH.  
 
Another possible explanation to the above observations may be due to the change of 
conductivity of the solutions. When adjusting the pH of the aqueous phase, extra ions 
should be introduced into the system, leading to the change of conductivity of the 
solutions. Therefore, the migration velocity of the ion will also change with varying 
ionic strength (or conductivity) correspondingly. In the present case, the highest 
extraction efficiency was obtained in pure water (with the lowest conductivity). 
 
6.3.3.6 Method evaluation with an optimized condition 
All the validation data are shown in Table 6-2. The reproducibility of CE peak areas 
was studied for five replicate experiments for an aqueous sample containing 0.1 µg /mL 
of the four nerve agent degradation products. The RSDs of peak area were 2.8, 5.6, 8.8 
and 6.5% for MPA, EMPA, IMPA and CMPA, respectively. The tested four analytes 
exhibited good linearity with good squared regression coefficients over 5-500 ng/mL, 
ranging from 0.9975 to 0.9985. LODs, calculated at S/N=3, were as low as 0.022, 0.029, 
0.042 and 0.11 ng/mL for MPA, EMPA, IMPA and CMPA, respectively, under the 
optimized EMI conditions with LVSI-CE-C4D determination. The sensitivity 
enhancements, defined as the LODs by normal sample injection in CE-C4D separation 
without extraction divided by LODs after EMI combined with LVSI, were between 
10820-26590 fold.  
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Compared to the ion-pair-LLLME of these compounds (Table 6.1), this new 
extraction method showed LODs that were one order of magnitude lower for the 
compounds MPA, EMPA and IMPA. This may be due to their relatively fast 
migration speeds during extraction under an electrical field compared to bulkier 
molecules. CMPA showed a comparable LOD, which may be ascribed to its relatively 
higher hydrophobicity, as suggested by its structure (Fig. 6-1). In ion-pair-LLLME, 
CMPA was easier to be extracted into the 1-octanol phase by diffusion, thus 
promoting the extraction. However, the reproducibility of EMI was better than that of 
ion-pair-LLLME. The linearity was also better. In addition, faster extraction could be 
obtained (30 min in this study) by EMI, while 45 min was needed for 
ion-pair-LLLME. The LODs obtained by EMI are comparable or lower than those 
obtained by HF/LPME followed by GC-MS analysis [306-310]. 
 






6.3.3.7 Spiked river water sample analysis 
Humic substances are the most abundant dissolved organic compounds present in 











MPA 5-500 0.9980 2.8 0.022 26590 
EMPA 5-500 0.9985 5.6 0.029 12359 
IMPA 5-500 0.9977 8.8 0.042 12319 
CMPA 5-500 0.9975 6.5 0.11 10820 
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[333, 334]. Before the real sample analysis, the influence of humic acids was 
investigated. Amounts of humic acid were added to give final concentration in the 
sample of 1 mg/L to 150 mg/L. Fig. 6-12 showed the relationship of the concentration 
of humic acids and recovery, which was defined as the peak areas of CE signals after 
EMI in the presence of different concentrations of humic acids, divided by the peak 
areas in the absence of humic acids. As can be seen, recovery decreased with 
increasing humic acids concentration. When the concentration of humic acids was up 
to 150 mg/L, the recovery of MPA, EMPA, IMPA and CMPA was lowered to 3.0, 11.2, 
12.1 and 1.1%, respectively. This result demonstrated that the presence of humic acids 
had significant influence on EMI efficiency.  
 
The normal concentration of humic acids in environmental water is below 20 mg/L 
[333, 334]. Although the influence of humic acids at low concentration (< 20 mg/L) 
on the EMI efficiency was less serious than that at high concentration, as 
demonstrated in this study, recovery was still unsatisfactory (< 20% at a concentration 
of < 20 mg/L).  
 
The river water studied in this work was collected from the River Rhine. Its TOC 
content was determined to be 1.89 mg/L. It was spiked with the analytes (to 
concentrations of 0.1 µg /mL) and then directly subjected to EMI. It was found in our 
work that the recovery was very poor, only 2~3%, which was even worse than that in 
the pure water spiked with humic acids with the same TOC content. This is obviously 
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due to the presence of various other substances in the genuine environmental aqueous 
matrix. The conductivity of the river water was measured to be 0.384 mS/cm, while 
that of pure water was 1.10 µS/cm. Thus, under the same extraction conditions, the 
migration of the analytes would be more efficient in the case of pure water, as no 














To minimize the effect of the sample matrix, genuine river water could be pretreated 
with an ion-exchange resin column to remove the interfering substances. However, it 
is tedious, involves multiple steps and is therefore time-consuming. Also, considering 
that the target analytes, alkyl alkylphosphonic acids may also be co-removed with the 























Concentration of humic acids (mg/L)
Figure 6-12 Relationship of the concentration of humic acids and recovery. 
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interfering ionic compounds, the most convenient way is to dilute the river water with 
pure water to reduce the influence of these materials. When the river water was 
diluted with ultrapure water to 10%, recoveries of 39.8%, 56.7%, 54.0% and 44.1% 
for MPA, EMPA, IMPA and CMPA, respectively, could be achieved. Fig. 6-13 
compares the electropherogram of the standard analytes of 0.1 µg/mL in ultrapure 
water with that in the river water after EMI and LVSI-CE-C4D. Thus, for direct 















Four nerve agent degradation products were for the first time successfully extracted 











Figure 6-13 Electropherograms after EMI and LVSI-CE-C4D process: (a) the standard 
analytes of 0.1 µg/mL in pure water; (b) the standard analytes of 0.1 µg/mL in the 
river water (diluted with the pure water to 10%). Peak identification: 1. MPA; 2. 
EMPA; 3. IMPA; 4. CMPA. 
  160
by ion-pair liquid-liquid-liquid microextraction (ion-pair-LLLME) and electro 
membrane isolation (EMI), followed by capillary electrophoresis with 
capacitively-coupled contactless conductivity detection (CE-C4D) using large-volume 
sample injection. Satisfactorily low limits of detection could be attained due to the 
sensitivity enhancement of between 2½ to 4 orders of magnitude. The procedures 
serve as practical additional approaches presently available for the determination of 

















Chapter 7. Conclusions and Outlook 
 
Several miniaturized sample pretreatment methodologies, sorbent phase-based 
microextraction (SPBME) and liquid-phase microextraction (LPME), have been 
developed in the present dissertation. In SPBME, some novel functional materials, 
such as zirconia, sulfonic acid groups-containing hybrid silica-based material, and 
graphite fiber, were synthesized or utilized as sorbents; Various configurations of 
novel materials, hollow fiber and monolith, were fabricated for extractions. 
 
The novel extraction methods reported in this thesis demonstrated successfully for 
extraction of several classes of water contaminants and pollutants. In particular, 
zirconia was shown to have high affinity for phosphonic acid compounds. Pinacolyl 
methylphosphonic acid, a nerve agent degradation product, was used as a probe 
analyte. Combined with liquid chromatography-mass spectrometry (LC-MS) 
detection, limit of detection (LOD) can be as low as 0.07 ng/mL. Additionally, this 
may pave the way for additional interesting applications of this new material 
synthesized in this work, beyond analytical chemistry, for example in the purification 
of proteins and nucleic acids.  
 
A mercapto-incorporated hybrid silica monolith was also synthesized from the outset, 
instead of from surface modification of silica, as is usually the case. The mercapto 
groups were then derivatized to form sulfonic acid groups and the material was 
successful for in-tube microextraction of four anaethetics from urine samples. The 
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LODs achieved were between 6.6 and 36.7 µg/L, with satisfactory recoveries between 
92.3% and 99.6%. The potential of the mercapto groups to furnish other 
functionalities has not been fully exploited, and we anticipate that applications of this 
novel material may yet appear in other fields, e.g. catalysis.  
 
This thesis has also demonstrated the effectiveness of graphite fiber as a sorbent, due 
to its availability of multiple interaction sites, e.g. hydrophobic, dipole-dipole and π-π 
interactions. The material used as the sorbent of micro-solid phase extraction (µ-SPE) 
was found to be suitable for the extraction of several polycyclic aromatic 
hydrocarbons (PAHs), which were extracted from soil during simultaneous 
microwave irradiation. LODs were between 0.0017 and 0.0057 ng/g when gas 
chromatography (GC)-MS was used as an analytical technique, which were much 
lower than most reported methods for the same analytes. The developed method could 
be applied for the genuine soil samples. This work showed the possibility of the 
µ-SPE approach in which sorbent properties of a variety of materials can be exploited 
for processing complex solid or semi-solid matrices; besides, µ-SPE was shown to be 
a suitable cleanup method combined with microwave extraction in a single step.  
 
In the development of LPME techniques in this work, the focus was on the use of 
capillary electrophoresis (CE) as the analytical technique. In the first piece of work, a 
novel combination of sovent bar microextraction (SBME) and non-aqueous CE 
(NACE), for several herbicides, was developed. Apart from offline enrichment 
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afforded by SBME, field-amplified sample injection using the electroosmotic flow 
pump was also applied in the NACE step to further improve the sensitivity of the 
analysis. The LODs of studied herbicides were in the low ng/mL level (0.08-0.14 
ng/mL). 
 
In the second experiment, liquid-liquid-liquid microextraction (LLLME), ion-pair 
LLLME and electro membrane isolation (EMI), were combined with 
CE-capacitively-coupled contactless conductivity detection (C4D). Four degradation 
products of nerve agents were extracted and detected. Both ion-pair LLLME and EMI 
could afford satisfactorily low LODs, with 3 and 5 orders of magnitude enhancement 
(compared to those afforded by direct CE analysis without extraction). The procedures 
serve as practical additional approaches to those presently available for the 
determination of degradation products of chemical warfare agents in relatively 
“clean” environmental matrices.  
 
The primary limitation of the procedures developed in this work is the lack of 
automation. Future work should be devoted to the implementation of partial or full 
automation of some of these microextraction processes, along the line enjoyed by 
commercial SPME automated sampling system. This may add cost, and complexity, 
but in order to attract widespread commercial and industrial utilization of these 
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